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PREFACE. 



I HATE revised and enlarged this book once more to 
introdnce tlie few astronomical discoveries that have 
been made since the sixtli edition. The only great 
one is that of the two satellites of Mars ; which have 
enabled his mass to be calculated more accurately, and 
have improved the symmetry of the solar system by a 
regular duplication of moons from the earth up to 
Saturn. I have introduced a simpler proof of tho 
necessary attitude of the moon to the tides, including 
their friction, which I think is right, and so does a 
good jndge who has seea it. And I have omitted the 
long note on the l-^ws of Nature, at the end of the 
sixth edition, because it has been Bince expanded into 
a separate small -volume.* 

I had better repeat the warning that this does not 

profess to be ah easy book of ' popular astronomy,' 

because it is called 'Astronomy mthout Mathe- 

* S.F.C.K. second edition, i8So, 
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iv Preface. 

matics.' There are plenty of Bncb book?, of all 
degrees of excellence, pictorial and descriptive, and 
more now than when the first edition of this came out 
in a smaller form, an^ aiming at much less. Many 
persons are capable of nnderstanding such matters as 
are here dealt with, who have never leatnt and have 
DO time to learn Euclid and algebra and conic sections 
— much less, differential and integral calculus; and 
explanations in mathematical langut^e and symbols 
wonld be of no use to them ; though it may be true 
that to tbose who could anderstand them they wonld 
be easier than some parts of this, or any book which 
aims at teaching as mnch of Physical Asttonomj^j^r 
the astronomy of causes and effects, as is possible in 
this way. Sir G. Airy's ' Gravitation ' was written for 
the ' English * or ' Penny Cyclopedia ' on the same 
principle nearly fifty years ago, and has jnstly main- 
tained its reputation, though the same remark has 
often been made, that ' it is no easier than mathematics' 
— i.e., to those who know them, and for whom it was 
not written. The same may be said of some parts of 
Herschel's once admirable ' Ontlines of Astronomy ; ' 
which has for some years required complete revision 
to maintain its character, and should no longer be 
patched up with notes at the end of the stereotyped 
text, as all the late editions have been, and imperfectly. 
We should however soon come to a standstill in 
explanation if we were not allowed to use some simple 



Preface. v 

prc^ositioDS which can only be proved by mathematics 
far from elemeotary : such as, that a globe attracts as 
if it were condensed into its centre — that the time of 
performing an elliptic orbit is the same as of the circle 
which contains it — the relation of the time of pendQlums 
to gravity, and so forth. Perhaps some readers may 
be hereby tempted to learn how to prove such propo- 
sitions for themselves. 

I have done the best I could to avoid mistakes, both 
of writing and printing, though I cannot expect to have 
entirely succeeded. Even great astronomers do not 
always escape slips of memory or of writing, hasty end 
erroneous conclusions from overlooking something of 
importance, and sometimes they have to recant abso- 
lute mistakes of reasoning and calculation; besides the 
legitimate errors of imperfect knowledge, which will 
always be subject to correction, while ' many shall run 
to and fro and knowledge shall be increased,' accord- 
ing to a prophecy above 2600 years old. 

E. B. 

33 Qtwm Aime Stretl, W., and 
BiUdt Wood, 8L AOaiu. 
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'S5. 13 
187.13 



the ecliptic 

eq;>haiod 

Bail^ 

eastward 
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Bphercnd. 
Baily. 



The Tei7 loDg-Uiled oomet of .October 1882 was jnst too lat« 1 
be noticed in the text. It was not eqnal to that of October 185 
in biilliaoc]r, nor so well placed for being generally seen. 
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ASTRONOMY 

WITHOUT MATHEMATICS. 



THE EASTH. 

Fob several thousand years people supposed that the 
earth was a great platform surrounded by the sea to 
an uokiiovii distance ; and that .the son set in the 
sea and rose out of it. At least the old Greek poets 
said so, and iuTdat^ wonderful contrivapces for carry- 
ing the sun round or under the earth in the night &om 
west to east again. ' Whether they really believed in 
such ideas or not, they certainly knew nothing of the 
real shape of the earth or the construction of the 
universe," 

But you may ask, did not David, who lived a good 
while before Homer, speak of the 'round world' 
several times in the Fsalms ? No, he did not. There is 
no such word as ' roond ' in the original Hebrew, nor 
in our Bible version of the Fsabns. ' The round world ' 
is merely a translation of the common Latin phrase for 
the earth, fyrbia terrarwm, which was used in the Latin 
Ynlgate Bible ; and even that does not mean a globe, 
* See Bir Q. 0. Lewis' ■ ' AstiomoDj of the Anoients.' 
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2 The Earth. 

but a round disc or wheel, thoagh the BomauB did 
know that the earth is a globe.* 

Indeed it mast have been known Ion|; before that, 
and in fact long before the time of Darid, to the 
Egyptians and Chaldteans, who practised astrology or 
dirination by the motion of the stars and planets, 
and invented a cycle for eclipses of the moon, as we 
shall see afterwards, and therefore certainly knew that 
they saw the earth's shadow on the moon, which is 
always round during the whole time of an eclipse, in 
which the moon might be in very different positions 
with respect to the earth. And a very little obser- 
vation would show them that a body which always 
casts a round shadow must be a globe ; though it is 
true that they would not know by experience that the 
shadow on the moon in an eclipse appears the same 
from every part of the earth, a£ it does. This has no 
relation to knowing that the sun is practicdly still, 
wlule the earth and moon together, and the planets 
separately, move round him. The tradition that Thales 
discovered that the earth is a globe about 600 b. c. is 
therefore evidently erroneous, and Sir G. C. Lewis says 
that there was no foundation for it. It may have been 
unknown to the Greeks before then, as it was to the 
Jews ; for the Bible was not written to reveal physical 
philosophy, which waa of no consequence to men's re- 
ligious faith or life, and which they would dnd out for 
themselves in time. It was necessary to use the popu- 
lar language on such subjects, for no other could have 
been understood without the revelation of a quantity 
of physical science to explain it. 

* Ciceio, ' De Nfttnra Deoruni,' ii. 19, &c 



Proofs that it is a Sphere. 3 

If yoQ ask how men and water and all things stand 
upright 01 in the same position relatively to the earth 
all round it, the answer is that there is a force called 
gravity, which attracts everything on a globe to its 
centre, and which we shall have to consider a good 
deal as we go on, but it is unnecessary to say more 
just now. And as all parts of a globe's surface are 
equidistant from the centre, there is no tendency in 
things to slide away from one place to another unless 
that other is a hollow or depression below the general 
spherical surface. As soon as navigation of the oceans 
began there was ocular proof of the roundness of the 
watery surface, and even of the degree of curvature, 
and, therefore, of the radius or size of the earth. For 
we can actually go quite round it by sea or luid in 
every direction, except where we are stopped by ice 
or mountains or some other impassable obstacle. 
Secondly, we find that the sea is nowhere flat, but rises 
everywhere like a low round hill, so that the masts of 
distant ships are always seen before their hull or body. 
So great plains, which are hvel like the sea, are not 
flat lite a table, but rise visibly between two people at 
a distance, as the sea rises between the ships. And 
sQch plains, and level surfaces of water all over the 
world, rise the same height in the same distance, viz., 
8 inches in a mile, and not 16, but 32, or 4 x S inches 
in 2 miles, 9x8 inches, or 6 feet, in 3 miles, and so on, 
for a considerable distance ; so that two very tall men 
standing 6 miles apart on a level plain can only just 
see each other's heads with telescopes ; and what we 
call the ' visible horizon,' or boundary of sight by the 
level ground 01 sea, is everywhere 3 miles from an eye 
b2 
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4 Measuring the Earth. 

6 feet high. All this can only happen on a globe of a 
certain size. And what we call level only means flat 
when the surface is not large enough for the curve to 
be distinguished. It means really the surface which 
fluids take at rest, to which a plumb-line is upright, 
and which is equidistant everywhere from the centre 
of the etu;th — subject to a small correction which you 
will see at page lo. 

Measuring the Earth, — After it was found that the 
earth is a globe, it was natural to try to measure it ; 
hut it was long before that could be done accurately. 
It may indeed be done approximately fi-om the fignres 
just now given ; for it may be proved that, if the 
earth is a globe, its diameter is to the distance of 
the visible horizon as that is to the height of your eye 
above the plain ; which you will find gives 7920 miles 
for a height of 2 yards, and a distance of the horizon 
of 3 miles or 5280 yards. But this method admits of 
no great accuracy, and these figures are rather the 
result than the source of really accurate knowledge of 
the earth's size ; for the rays of light near the ground 
are irregularly bent or refracted by the air, so that you 
do not in fact see straight, and cannot distingnish where 
the visible horizon for really straight lines of sight would 
be ; and a very small error in the distance of the horizon 
vrill make a very large one in the size of the earth. 

It has now been measured by other means which I 
will describe presently ; and it is found to be 24,900 
miles round the equator ; which is a circle round the 
middle of the earth at an equal distance from the 
north and south poles. The poles are the two ends of 
that imaginary axis round which the earth turns every 
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Equatorial and Polar Diameters. 5 

day. All circlea rouad the eaith and going through 
the poles are called meridian* ; and so every place has 
its own meridian, which runs from north to south, and 
the sun oroases that circle at the noon or midday of 
that place. All circles which divide any glohe equally 
are called great eirelea, because no gieater can be 
drawn. Any straight cut or section through a globe 
which does not divide it equally, makes a email oirde. 
The shortest road between any two places on a globe is 
by the great circle which passes through them both : 
henoe comes what is called 'great circle sailing.* For 
the arc of a great circle is less curved, or more nearly 
straight, than the arc of a email circle, and is therefore 
a shorter line between the same points, a straight line 
being the shortest possible. The diameter of a globe 
is necessarily also the diameter (or line through the 
centre) of every great circle ; and you should remember 
that the circumference of every circle is very nearly 
3iJ of its diameter : that is, if the diameter is 7 feet or 
miles the circumference may he called 22 ; or more 
exactly, circumference = 3" 1416 diameters very nearly : 
but no number of figures can express the exact pro- 
portion. The roAiua is half the diameter. 

The greatest equatorial diameter is 7926-6 miles. 
Some measurers of the earth have made it nearly two 
miles less than this through 104° east and 76° west 
longitude; but later calculations seem to make this 
doubtful. At any rate we may treat the earth as 7926 
miles wide at the equator, and all the sections parallel 
to it as circles, which are cnHedi paraUds of latitude. 

The polar axis is estimated at 7899^ miles, or 500 
millions of inches, a thousandth part longer than our 



6 French Metre a had Measure. 

present standard inch, which probably only came by 
accident to be what it was when the standard was 
taken, and might just as well be a thoosandth mote. 
For the other European nations have inches too, and 
some of them are ra^er longer than onre. The French 
fuire, 39-371 of our inches, is the worst measure in the 
world, because it is inconsistent with any natural cme ; 
whereas our yard is the long stride of a man of good 
height, and the natural length of hie walking-stick, 
and half his height 01 half the stretch of his arms. 
And the metre is not even what it pretends to be, the 
40 millionth <^ a meridian of the earth ; for the mea- 
sure taken was erroneous ; and if it were, such a stan- 
dard is of no more real value than the distance of the 
moon. Yet there are people who have engaged in the 
(^usade of trying to force on us this bad, erroneous, 
arbitrary and revolutionary measure of a nation which 
tried also to abolish the week and make a new one of 
ten days, and whose language k declining over the 
world, while ours already prevails over more regions of 
the world than any other, and is evidently destined to 
advance more and more." 

The polar axis being thus about 26^ miles less than 
the equatorial one, the earth is not quite a globe or 
sphere, but what is called a aplteroid; which means 
something like a sphere. There are two kinds of 
spheroids, one flattened at the poles, and fatter round 
the equator, as the earth is, which is called an oUate 
tpheroid, and is formed by turning an ellipse round its 
smallest diameter ; and the other, formed by turning 

* 8e« Sir J. Heraobers 'Familiar LeotnrM, Oelestial Wsigbio^ 
kod UeBsniin)^' itrongl; oondemning the metro u a standatd. 
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Tiie EcaiKs Spheroidal Shape. 7 

an elli^ee lOTnid its greatest diameter, is thinner at the 
equator and drawn out at the poles, like tai egg with 
two small ends, which is called a prolaie spheroid. The 
spheroidicity of the earth or any other planet is nsnally 
called its ellipticity : which means the proportion that 
the difference of the two axes or semi-axes of an ellipse 
bears to the greater of them ; or the proportion of EB 
to AC in the fignre at p. 45. 

Consequently every meridian of the earth is an 
ellipse, and not strictly a great circle ; though for 
ordinary purposes it may be called one, as the ellip- 
ticity, or the proportion of 26^ mUes to 7926, is only 
one . zgSth, which is so little that you could not per- 
ceive it on any globe that could be made. An ellipse 
is shorter than the circle that contains it, by nearly 
half the ellipticity, so long as that is small : when it is 
not, the relation between them is complicated. There- 
fore a meridian is a 596th shorter than the equator. 
In giving the mean velocity of the earth and planets in 
their orbits, which are all elliptical, I shall treat them 
as circles for simplicity, as their ellipticity is very 
small, and their periods are exactly the same as if the 
orbits were circular with the same mean distance ftom. 
the sun. The mean distance is the mean between the 
greatest and the least, or half the longest diameter of 
tiie ellipse : not between the two semi-axes. 

Before explaining what laHtude and longitude are, we 
must observe that every circle in the world has for 
ages been considered to consist of 360 equal parts, or 
arcs of its circumference, called degrees ; and again, 
every degree (1°) contains 60' (minutes) ; and every 
minute (i') contains 60" (seconds), which have nothing 
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8 Measuring of Angles. 

to do with minutes and seconds of time. That ie the 
way that parts or arcs of circles are always measured, 
and angles also, or the opening between the two straight 
lines called radii, reaching from the centre to the 
circnmference of any circle, whether the circle is 
actually drawn or only imagined to be drawn. For 
instance, the angle 90° means the opening at the centre 
of the circle between two lines drawn to the ends of 
a quadrant of the circumference ; and 90° is called a 
right angle, and lines at right angles are also said to be 
perpeadievlar to each other ; for ' perpendicular ' does 
not always mean upright, but making equal angles 
on both or all sides. An upright stick is of course 
perpendicular to a piece of level ground or the surface 
of water. If you stick a pencil with the middle of its 
flat end upon a globe, it is perpendicular to the sur- 
face of the globe, or to a tangent plane there, and its 
middle is a continuation of the radius. 

Angular Measure. — We shall often haye to deal 
with the numerical value of angles, and that is not so 
many degrees or minutes, which are merely conyen- 
tional quantities, but it is the proportion of the corre- 
sponding arc or piece of circuniference to the length of 
the radius ; or the angle between two radii is the 
arc divided by the radius. The length of an arc of 
180° is 3"i4i6 times the length of the radius; or 
calling the radius I for simplicity as usual, 180° is 
3-1416 ; which number occurs so often that mathema- 
ticians always use the Greek letter tt (called pt) for it* 

* tt ahonld be observed that w is also occasionally naed for what U 
called the nna's parallBi, of wMch ne sball Bee more afterward!. It 
u then uaually written d, and sumetimee n. 
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Latitude and Longitude. 9 

Therefore 1° is 'O175 and 4° ='07, which is easy to 
lemember, and the angle whose numeilcal value is i 
is about 57° 18'. The arc of a smali angle differs so 
little from its chord, or the straight line joining its ends, 
that we may practically say that the yalue of the angle 
between two lines CA CB of equal length is the 
distance AB between their two open ends, divided by 
either of the lines, so long as the angle is a small one. 

Latitude is the number of degrees measured from 
the equator, each pole being at 90°; and a degree of 
latitude is about 69 miles, with a qualification to be 
mentioned presently. Longitude is the number of 
degrees on each circle or parallel of latitude measured 
east or west from some given meridian, which each 
country chooses for itself, ours being that which goes 
through Greenwich Observatory. Consequently the 
number of miles in a degree of longitude varies from 
69- 1 7 at the equator to o at the poles, and is about 43 
here in latitude 51° 30'. A nautical mile or knot is l' 
of longitude at the equator, or aboat one-sixth longer 
than a common mile. 

But if we take an oblate globe instead of a quite 
spherical one, and divide any meridian into equal 
spaces for degrees of latitude,and apply along fiat-ended 
pencil to them and measure its inclination carefully 
by proper instruments, we shall not find equal degrees 
of inclination correspond with those equal degrees of 
latitude. In other words, the degrees bo marked would 
be wrong and not true degrees of latitude, which mean 
the places where the inclination of such a pencil (called 
a normal to the earth's surface, or the true perpen- 
dicular to a Umgent of the meridian) changes by 1°. 



lo How LatUude and Longitxide are measured. 

And the difference is snch that i° of latitude is 68'8 
miles at the equator, increasiiig to 69*4 at the poles. 
Consequently the plumb-line, ot line perpendicular to 
the surface of wat«r or mercury, or the direction of 
gravity, does not really point to the centre of the earth, 
except at the poles and the equator. Degrees of 
latitude are measured by the stars, as a great hollow 
spherical bactgronnd for graduation ; for they are so 
immensely distant that for purposes of this kind the 
earth's centre may be considered fixed,, or the angular 
distances apart of all the stars are practically the same 
from all parts of the earth's orbit, though that is 
184,000,000 miles wide, as we shall see fwther on. 

The stars are used for measuring longitude in the 
same way, except that only one star is requisite lor 
that purpose, because we know that the earth turns 
through 360°, or quite round, in 24 sidereal hours, and 
therefore any two places whose meridians are crossed by 
the same star at an interval of 4 minutes are 1° ap^ 
in longitude. And in this way the length of the 
equator is measured, being 360 times the miles that 
correspond to 1° of longitude there. The taking of 
levels accurate enough for these purposes is not so 
simple a matter as it seems, because a plumb-line or a 
fluid surface is liable to be disturbed by what is called 
local attraction, or the greater density of the soil, 
including water, on one side than the other. On great 
plains this is avoided, but great plains are not to be 
found everywhere, and allowance for this disturbance 
has to be made as well as it can be in measuring arcs 
of the meridian. 

Long before anybody attempted to measure the 
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How the Earth became Spheroidal. 1 1 

difference between the equatorial and polar diameters. 
Sir Isaac Newton (who was bom on ChriBtmas Day 
1642, and died in 1727) calculated what it onght to be ; 
though calculation will not make it quite right, from 
our ignorance of the dwiBity of different parts of the 
earth. It was probably once all fluid, like the lava 
&om volcanoes, with all the water hanging over it as 
steam; and even now it gets l° hotter for every 90 
feet down a mine, or as some observers say, at less 
depths ; and water is hotter as it cornea irom greater 
depths. It would then take the shape of a globe, like 
a drop of rain, 01 melt«d lead in making shot, because 
the mutual attractions of the particles balance them- 
selves in that ^ape only. "Wlien it began to spin it 
would swell at the equator and shrink at the poles, as 
a large elastic hoop will do if you spin it qaiokly round 
its diameter. Newton calculated how much extra 
weight laid on the equator would balance the loss of 
weight or gravitation to the centre there, by reastm o£ 
the centri^gal force arising from the spinning, which 
increases as the square of the veIo«ty of rotation ;* i.e. 
it would be four times as great if the earth turned 
twice as fast, uid if it turned round in 85 minutes 
people could not stand at the equatfO', but would be 
thrown off. Besides that, he bad to calculate how 
much the attraction to the centre is altered by the 
alteration of the shape from a sphere to a spheroid, 
and the result is compounded of those two calculations 
(see p. 43). 

* CentriFngal foroe bIbo inoreases as the diameter, but ao does the 
BttisctioEi of an onifonn globe upon ita nirface, whioh canntencta ik 
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Different Ways of Map-making. 



One consequence of the eartK being lonnd is that no 
map of any large part of it can be correct. You can- 
not make a large piece of papei lie close npon a globe 
without crumpling the edges ; therefore if the middle 
of a country is drawn on the map as it would be on the 
globe, the outrides will be drawn too large, and vice 
verta ; and the larger the country is, the more Bome 
parts of it must be enlarged beyond others, or dis- 
torted. Maps are made on various plans, some distort- 
ing the countries in one way, and some in another. 
The common ' map of the world,' in two flat circles, 
makes the equator only twice as long as the diameter 
of the earth, instead of ^If as long ; or makes it only % 
(or more accurately gxfrs) *^^ ^^^ length of the meri- 
dians at the edges of each hemisphere, and makes the 
meridians themselTOS vary in the same proportion. 
Each of those flat so-called hemispheres has exactly 
half the surface of a real hemisphere. In the usual 
maps of that kind the equator is equally divided for 
longitude; and meridians, which ought to be semi- 
ellipses, are drawn through each division, and then 
each meridian is equally divided for latitude, and 
curves drawn through those divisions, which again are 
ellipses if done properly, and those curves are the 
'parallels' of latitude, though no longer parallel. 
Since the meridians near the edges are half bs long 
again as the middle one, it is evident that the countries 
near the middle are contracted in length (north and 
south), though the widths are all kept right by the 
equidistant meridians. In order to make the areas 
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Isograpkic and Orthographic Maps. 13 

equal, the shapes ought to be still mote distorted, or 
the width between meridians dimiuished from the 
middle towards the edges in the same proportion as 
their lengths increase, i.e., the width between two 
meridians close to the edges should be only ^ of what 
it is at the middle. 

If you want to keep the widths equal and also to 
equalise the areas, the map most be stretched out 
north and south more and more as you approach the 
poles, and the pole of each flat hemisphere becomes an 
angle : you will see such maps in Mr. Proctor's little 
book on ' Physical Geography ;' and even the whole 
earth represented by one map. In which the equator is 
made largest and the countries near die edges horribly 
distorted in shape though equalised in area. These 
are called equal »urfaee or isographic projections — a 
very different thing, remember, from 'isometrioal per- 
spective ;' in which every square of a cube is projected 
into a rhombus made of two equilateral triangles, and 
every circle into an ellipse fitting the rhombus. 

That is a particular case of what is called crtho- 
graphie projection, which shows any part of the globe 
as it would be seen by lines of sight sensibly parallel, 
or from an infinite distance. It represents the middle 
of the country rightly, supposing you to be looking 
straight at the middle, but the outsides are crowded, 
and ^e map would be quite illegible at the edges if 
you attempted to take in anything approaching to a 
whole hemisphere. 

The gnomonie projection supposes the eye to be at 
the centre of the sphere, and the required portion of it 
is projected by straight lines ^m the centre on a 
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plane touching the sphere at the middle of the map 
which has to be reversed, ae it is taken ^m the inside 
of the globe, though that ia tight for stars. All great 
circles, such as equator, ecliptic, meridians, however 
they may lie, must now appear as straight lines, 
because the plane of every great circle passes through 
the centre of the globe where the eye is. Small 
circles, such as those of latitude and decluiation 
(which is the same on the celestial globe of stars as 
latitude ia the terrestrial, or distance from the equator) 
appeax as concentric circles if the map is polar. But 
if the centre of the map is not the pole, the small 
circles will become ellipses with curraturea depending 
on their position. Some star maps are made on the 
supposition of the sphere being enclosed in a cube, 
and one-sixth of it projected gnomonically on each of 
the six sides of the cube ; but the ontsides of each map 
are considerably widened, and so the stars appear much 
more thinly spread there than they really are. 

If you suppose the globe transparent and the eye at 
the antipodes, or the opposite end of a diameter to the 
country looked at, it is seen projected atereographicdUy 
on any plane at right angles to that diameter, such as 
a plane touching the sphere at the other end of the 
diameter, or a glass plate pandlel to that and nearer 
to the eye. This is in fact a perspective view of the 
country from the middle of its antipodes ; for perspec- 
tive oiily means transparent, and the glass plate theory 
is the foundation of all perspective drawing. But the 
country must be reversed for the map, as it ia seen 
fi-om the inside instead of the outside of the globe. 
This method has the advantage of preserving the 
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shape of every port ; but the middle parts are now 
more crowded than the outaidea, though not so much 
as the converse in the orthographic projection. 

The equidistant projection is au improvement on the 
stereographic ; the eye is rtused above the sphere, still 
considered transparent, 'yoy of the radius (which is the 
proportion of a side to a diameter of a square, or of 
half the chord of a quadrant to the radius). If you 
draw a circle standing on a tangent, which would be 
the vertical section of a sphere standing on a table, 
and divide the lower part into any equal divisions, and 
draw lines through them from a point 707 above the 
circle, you will find that those lines cut tie tangent at 
very nearly equal distances. Therefore if a map of 
stars for some coueiderable distance round the pole star 
is made in this way, they will all be represented 
practically at the right distance from the pole star ; but 
still they will be rather widened out in their distances 
from each other towards the edge of the map ; for this 
is not quite au isograpbic projection, though very 
nearly so up to about 40° from the centre of the map. 
It is used in Mr. Proctor's star maps, in which the 
heavens are divided into 12 circles, each comprising 
one of the 1 2 pentagons into which a sphere is divisible* 
Two of these embrace 38° round each pole, and 5 lie 
north of the equator, and 5 south, all overlapping 
a little. The superiority of this division is clearly 
shown by him, but is beyond the scope of this book. 
It is worth while to cut out in card a pentagon sur- 
rounded by 5 others, and make a pair of them, and then 
double them up into two dishes, and see how they 
would fit together over a sphere, making a dodeoahe- 
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1 6 Eguidistani Mode of making Maps. 

dron, or solid of 12 equal faces. Such dishes aie of a 
Tery pretty shape. 

In fact isograpMc maps may be made in many ways, 
for yon may always contract in one direction aa much 
as you increase in the other. It is only worth while to 
notice one more way of making a polar map of that 
kind, suggested by Mr. Fioctor in his 'Essays on 
Astronomy.' Suppose a hemispherical cup set in a 
hemispherical di^ of twice the diameter, both trans- 
parent Spota or horizontal circles of the cup ore to 
be projected on the dish by lines from the centre 
of the larger sphere, and those projection-spots or 
circles are again to be projected orthographically, 
or straight down on the table on which Uie dish 
stands. The area or ring between any two of the 
flat circles will equal the corresponding ring of the cup, 
the flat rings getting narrower as they get larger, ia 
fact not merely a hemisphere but a whole sphere may 
be so represented, but the distortion becomes intolerable 
when the rings increase in the map while they diminish 
on the sphere. 

In Mercator't projection, which is a favourite one for 
maps, the globe is supposed to be stretehed ont on 
the inside of a cylinder which touches it all round the 
equator, and Ha height = the length of a meridian ; and 
the cylinder is then cut and opened out flat or ' de- 
reloped.' But besides that, since parallels of latitude 
in Engluid would be stretched wider to fit the 
cylinder, in about the proportion of 43 to 69 (p. 9), 
therefore degrees of latitude or the lengths of pieces 
of the meridian are drawn in such maps wider than 
those near tlie equator in the same proportion, in order 
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to keep the true proportions between the length and 
breadth of each diviBion of the map ; and the dimeu- 
eions increase still faster towards the poles ; for this 
reason it is unfit for maps near the poles, and the maps 
of conntriee of high latitnde must be made on a dif- 
ferent scale from those near the equator ; or lathei as 
if they had been developed &om a different globe, in 
ordei to get them on anything like the same scale. 

A modification of Meroator's projection may be made 
isographic, but again distorting ^e shapes iu order 
to equalise the areas. If a sphere is surrounded by a 
cylinder of only its own height, each band or zone of 
the sphere = the corresponding band of the cylinder, 
viz., the band included between the same levels. 
Therefore a zone, or any country of it near the poles 
would be very much widened east and west, and short- 
ened north and south, but its area would be correctly 
represented on the cylinder. 

There is yet another, very convenient for some pur- 
poses, called the conical projection. Suppose you want 
to map a country in the latitude of England (52°). A 
hollow cone is supposed to be dropped over the globe, 
of such an angle that it will touch it all round at 
latitude 52°, and therefore the top of the cone will be 
vertically oyer the north pole. Then the country is 
drawn as it would appear on the inside of this cone to 
an eye at the centre of the earth, and the cone is ' de- 
veloped.' Consequently the meridians are all straight 
lines converging towards a point which was the top of 
the cone, and the parallels of latitude are nearly equi- 
distant, and in fact are drawn quite so for oonvenienoe. 
In this there is scarcely any distortioiLfc' a moderate 
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breadth of country from north to sotith, or a zone between 
two parallels of latitnde near to the circle of contact 
with the cone. This also is used for star maps, and so 
indeed are all the projections, except Mercator's and the 
orthographic, but the equidistant clearly is the best. 

8ir J. Herscbel remarks that London is very nearly 
tbe centre of that hemisphere of the globe which con- 
tains more dry land than a hemisphere described lonnd 
any other place as its pole. Those who have read a 
litde Greek history know that Delphi was called the 
naveZ of the world, being then supposed to be the 
middle. The real one, yon see, is not in Greece, but 
in England. In order to see this, take a terrestrial 
globe, and eleyate the north pole 5 1 i° above the north 
side of the wooden horizon, and bring London up to 
the brass meridian ; then all above the horizon is the 
hemisphere which has London for its pole or highest 
point, and it includes all Europe and Africa, and all 
Asia except a few promontories, and all North America 
and most of Souli, leaving only the rest of it, and 
Australia and some islands, to tlie other hemisphere, 
which consequently has the most water of any. 

The following proportions of land and water over 
the globe, and the north and south hemispheres, and 
the five continents, with their islands, have been ascer- 
tained by weighing paper patterns of them taken from 
a globe. All the water is 145 million square miles, and 
aU the land 5 1 J ; water north of equator 59, land 39 ; 
water south of equator S6, land 13 ; land in Asia 18, 
Africa iii^. North America 9, South 6i, Europe 3^, 
and Anat]^[ia 3. The northern hemisphere has there- 
fore three times as much land as the southern. 
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The earth's surfJace is four times the area of one of 
ite great circles, or 3*1416 times that of a square snr- 
rouading it, only that has to be reduced about a 400th 
for the ellipticity of a 298th; and the result is 197 
million square miles. The surface of any zone, or 
band round the earth between two parallels of latitude, 
is proportionate to its thickness if we neglect the ellip- 
ticity ; for the rule does not hold for spheroids. There- 
fore the surface of each hemisphere is nearly divided 
equally at 30° of latitude ; for a cut through there cats 
the axis half way between the pole and the equator. 

The solid content of a globe is '5236, or a little more 
than half, of the surrounding cube, or 4"i888 (i.e. f ir) 
of the cube of its radius. And that of either a prolate 
or an oblate spheroid is also '5236, or about ^, of the 
surrounding elongated or flattened cube. The bulk 
or ' volume ' or solid content of any spheroid bears the 
same proportion to the sphere which touches it all 
round its equator (within or without according as it ie 
prolate or oblate) as their axes do ; but it is not so with 
the surface, which follows no simple rule. Therefore 
the earth is a 298th less than the sphere which would 
contain it. But a sphere of the same bulk as the earth 
would only have a diameter of 79i7*2 miles; for 7917*2* 
= the polar axis X7926^ which last we saw is the 
equatorial diameter. Therefore the earth contains 
259,845,000,000 cubic miles. I need hardly say that 
7926* and 7917* mean those figures squared and cubed, 
or multiplied by themselves 2 and 3 times respectively. 
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We^kt of the Earth, 



THE LAW OP QEAVITT. 



It is a ^ more difficult thing to weigh the earth 
than to measnte it; and yet that has been done. 
Newton, by what Herschel called ' one of his astonish- 
ing divinations,' hit npon the yery weight for the earth, 
which is about the average of the modem experiments 
and calculations, viz., that it is 5^ times as heavy as if 
it were all made of water, or half as heavy as lead, or 
twice as heavy as the heaviest stones we have ; from 
which it is clear that the inside of the earth is violently 
condensed by the pressure of all about it. 

But before we can understand the earth-weighing 
experiments, it is necessary to have correct ideas of the 
law of gravity, or universal attraction, which is popu- 
larly supposed to have been discovered by Newton. 
But that is only true in a sensa You may see in any 
life of Eepler that he advanced the theory of universal 
attraction in 1609, 77 years before Newton published 
his 'Principia Philosophise Naturalis,' He knew that 
the moon's attraction causes the tides, which indeed 
must have been perceived long before. Horrocks, 
before his untimely death at the age of 22, in the year 
of Newton's birth, had advanced so far as to attribute 
the moon's ' disturbances ' to the difference between 
the sun's attraction on the moon and earth. The idea 
that attraction must vary inversely as the square of the 
distance, or is 4 times as great at half the distance, 9 
times at a third of the distance, and so on, was also 
entertained before Newton, and was naturally suggested 
by its being the necessary law of radiation or of emana- 
tions in straight lines. Eoi suppose light or heat or 
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Bittfill or sound to consist of something (no matter 
what) which radiates in straight lines from any body 
which produces them, then at 2 miles or 2 yards from 
the body the same rays will cover a anrface twice as 
wide and twice as high, and therefore 4 times as large 
as at I mile or i yard ; i.e., they will be spread 4 times 
thinner, and their effect on each spot will be 4 times 
weaker than before. It is true that this analogy 
&il9 when followed np, becaose gravity has no 
respect to area or position ; but it was quite enough 
to suggest that law to those who were speculating 
on it. Neither does it hold for electricity. 

But guessing at a theory is a very different thing 
ftom proving it. Kepler and Horrocks had no more 
doubt than Newton that the same force which brings 
down apples draws the moon out of a straight course 
into an orbit round the earth ; only they could not 
prove it, or make out that the motion of the apple and 
of the moon towards the earth in a second of time cor- 
respond exactly as they oaght if both are dne to the 
same force, modified by the distances of moon and 
apple from the centre of the earth. Much less were 
they able to prove that the same force acting according 
to the same law of distance makes the earth and moon 
describe ellipses round each other, and in short do all 
that gravitation does in prodncing and preserving the 
motions of the universe. 

We have yet said nothing of the size, or rather the 
weight or mass, of the attracting bodies. The funda- 
mental idea of the theory of gravity is that every atom 
in the universe attracts every other ; and consequently 
the complete statement of it is that every body attracte 
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every atom outside it in direct proportion to its mass, 
or the number of its atoms (all supposed to be ulti- 
mately of equal weight), and inversely as the sqnare of 
the distance of the attracted atom from each atom of 
the attracting body. If the attracting body is a 
sphere, solid or hollow, of equal density all round, its 
attraction is the same on anything outside it as if all 
its mass were condensed into its centre ; but that is 
only a very convenient result of mathematical calcula- 
tion, and is no part of the fundamental law of gravity. 
' Mass,' as used in mathematics, generally means the 
same as weight, and not the same as bulk or volume, 
but only when the masses spoken of are all referred to 
the same centre of attraction. All things on the earth 
are practically equidistant from its centre, except for 
delicate experiments, and therefore the earth's attrac- 
tion on them all is very nearly the same, and their 
masses are practically represented by their weights. 
But the mass that would weigh a ton in a spring 
balance on the sun's surface (428,860 miles from his 
centre) would weigh no more than an old sixpence in 
the same balance at the same distance from the earth's 
centre. And remember that whenever we speak of dis- 
tances in these matters, we mefoi distances of centres, 
unless it is otherwise stated. So we may talk of either 
the weights or the masses of the earth and planets, on 
the understanding that they are all to be weighed at 
the same distance from the sun. 

But we have no such things as single atoms really, 
for all bodies are composed of innumerable atoms, and 
we most remember that B attracts A besides A's at- 
traction of B. And the force with which they would 



How Gravity is Measured. 23 

compress a apring between tliem depends on the pro- 
duct, not the sum, of their mass^. 

For, 88 I said jnat now, the attraction of A on every 
atom of a body B is measured by the mass of A, shortly 
called A ; and the pressure between A and two atoms 
of B is twice as much aa that of one, and therefore of 
B atoms it is B times as much; and therefore the 
pressure between A and B is measured by A x B, 
modified of course by their distance, supposing them to 
be either in contact or kept apart by a rigid rod. So 
the weight of ererything on the earth is the earth's 
mass X the body's mass ~ earth's radius'. The 
attraction of the earth at its surfece, or earth's mass -r- 
radius ", is uanally called ' gravity,' and written j" 
when we are talking of things near the earth's surface, 
where g is practically constant, though subject to a 
little variation on account of the earth's shape. But 
when we get to the moon, the earth's attraction is of 
course greatly reduced by the distanoe. 

Inertia. — In astronomy, however, we have not 
pressure to deal with, but motion, and then another 
element comes in, viz., the inertia or resistance of every- 
thing ia disturbance, whether &om reat into motion, or 
&om Quiform motion in a straight line into a curve, 
or acceleration, or retardation, or stopping of that 
uniform motion. While a pendulum or a stone is con- 
tinually accelerated in falling and retarded in rising by 
gravity, or what we call its weight, which means ite 
mass X the earth's attractive force, ita inertia is also 
simply represented by the mass, though it might con- 
ceivably have been otiierwise. Therefore, although the 
dead pressure between A and B at distance AB is 
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24 Gravity and Inertia. 

A X B -7- AB", the attraction 0/ A ore B, which Ib 
called the acceleraUng force on B (disregarding A's own 
motion), is that same quantity -f- the inertia of B, i.d., 
by B, and is therefore simply A-j-AB* ; which yon see 
is independent of the mass of B. And therefore it is 
trae, paradoxical as it seems, that the earth moves the 
sun as much as if he were a pea, though the earth's 
own motion, and therefore their relative motion, is 
very different. Though two pounds have twice sb 
mach pressure as one, they fall no quicker, because 
they have also twice as much inertia ; and indeed it 
would be absurd to imagine that two pounds could fall 
any qoicker for being stuck together — except so &r as 
they are affected by the resistance of the air, which 
alone makes a bunch of feathers or a clond of dust fall 
dower than a leaden weight. 

We often have occasion in astronomy to treat one of 
a pair of mutually attracting bodies A, B, as if it were 
at rest, and all the motion given to the other. And as 
the accelerating force on A ia B -f- AB*, and on B is 
A -j- AB^ the relative accelerating force between them 
is (A + B) 4- AB^, which is the same as if B consisted 
of a single atom, and A of (A + B) atoms (neglecting 
the one left for B). Therefore when we want to deal 
with the earth as at rest and give all their relative 
motion to the moon, we have only to consider the moon 
as an empty shell and all her mass added to the 
earth. It is useful to remember that an ' accelerating 
force ' which produces motion must always be a quantity 
of one dimension, viz. length ; for it = mass (which has 
3 dimensions) -r distance* (which has 2). But a weight 
has 4 dimensions, viz, mass x force. 
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Ton may hare lead that Faraday thonght it paia- 
doxical and coctrary to anothei now imiversally re- 
ceived law, of the ' Conservation of Force,' or the 
constancy of the Bum of all the forces in the universe, 
that bodies should gain in attraction as they approach, 
and vice vers^ And though mathematicians at once 
perceived the fiillacy of the objection, I do not know 
where it was specifically pointed out. He strangely 
forgot that bodies cannot be and cannot have been 
originally separated from each other without the 
exercise of force. The distance of everything liom 
everything else represents the force which has at some 
time or other been employed by the Creator, directly 
or indirectly, in separating them ; and a body in falling 
again to the earth developes just as much force or heat 
in striking, or would do the same amount of work, as 
was used in raising it ; so that Sir W. Grove's law of 
conservation of force is not violated, but conserved, 
by Newton's law of gravity and distance. 

Again Ffoaday asked in effect this question, which 
involves the same fallacy in another form : — If A is 
attracting B with some given velocity, and G is intro- 
duced close to B, or anywhere in the same direction, 
how can A have as much force to spare, emanating in 
the same direction, as will move G as mudi as it moves 
B? But who can introduce a new body into the 
universe ? Whatever power could do that could intro- 
duce it with the some conditions as all other bodies, as 
to attracting and being attracted. C must have been 
existing somewhere from the beginning under the uni- 
versal conditions of the law of gravity. And though 
C introduced beside B is accelerated by A as much as 
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B is, we muat remember that their mntoal attraction 
and approach is thereby increased, for A is accelerated 
twice as much as before, supposing for simplicity that 
C = B. So there is no paradox at all. 

I now omit the reference in former editions to the 
speculations of philosophers on a physical cause of gra- 
vity, because I bare since treated of them more fully in 
a small book ' On the Origin of the Laws of Nature ;" 
and astronomy is quite independent of those specu- 
lations, since no sane person doubts the existence of the 
law of gravity as just now explained, whatever may be 
either its proximate or its final cause ; which law is the 
foundation of what is called Physical Astronomy, or the 
Astronomy of causes and effects, as distinguished from 
Plane or observational Astronomy. I must refer to the 
same book for explanation of the difTerence between a 
continued force, whether ' constant ' (which in mathe- 
matics means uniform in strength) or variable, which 
hoth produce variable velocity, and a momentary force 
or impulse, which produces a constant velocity until it is 
changed by the action of some new force. We may now 
proceed to the different modes of weighing the earth. 

The Schehallien experiment. — The difficulty of 
weighing the earth arises from the extreme smallness of 
the attraction of the largest bodies that we can weigh 
directly. The heaviest thing we have is platinum, of 
nearly 4 times the earth's density. Suppose we could 
make a globe of it 100 feet in diameter, which would 
weigh about 300,000 tons, and suppose we hang a ball 
by a long string only an inch off it, the string would 
have to be i| mile long for the globe to move the ball 
* Seooad Edition, 1S80, pp. ii;, B.F.O.E. 
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that one inch against the attraction of the earth pulling 
it down ; for hy a well-known law of mechanics the 
deflection is to the length of the pendulum as the 
sideway attraction of the globe is to that of the earth ; 
and it follows from what I have said already, that any 
uniform sphere attracts at its surface in proportion to 
its mass, i.e., 4*1888 x the cnbe of its radius -f-the 
radi^B^ and therefore attracts simply as its radius ; and 
the density of platinum being nearly 4 times that of the 
earth, the attraction of that globe is to that of the earth 
nearly aa S0X4t0400ox S28o(the feet ina mile); whioh 
you will easily see requires the pendulum to be i§ mile 
long for the deflection of an inch to be produced by such 
a globe of 300,000 tons. Such an experiment is of 
course out of the question, and to get any sensible 
deflection of even a very long pendulum, we must use 
the mass of a mountain, though its irregular shape 
involves some difficulty and uncertainty in calculating 
its attraction. The first experiment of that kind was 
performed at the Schehallien in Scotland, and it has 
always since gone by that name. It has been done 
again at Arthur's Seat, near Edinburgh,* and also at 
Mont Cenis, now more famous for its tunnel, and the 
results have all fairly agreed. 

The nature of it is this. If two plumb-lines are 
hung 100 feet apart, they make an angle of i" with 
each other, because each is pointing, we may say, to 
the centre of the earth ; and therefore at 6000 feet 
apart, or rather more than a mile, the plumb-lines 
would be inclined i' to each other. But if there is a 

* Bee 'PhiL Trana. of iBje,' botli for tbia experiment and Sir 
G. Ally's, whtoh I shall mentioa praoently . 
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2$ The Cavendish Experiment 

great mass of mountain rising between tliemrthat will 
attract each of the plnmb-bobs, and draw them nearer 
together, because all matter attracts all other matter. 
The mass of the mountain can be calculated from its 
size and weighing epecimena of the rocks which it is 
composed of; and it is possible to calculate how much 
the mountain ought to draw the plumb-bobs aside, and 
make them converge more than i', if the whole earth 
were of the same density as the mountain. But in fact 
the mountain never does attract them so much 6& it 
ought on that supposition. Therefore that supposition 
of the mountain being as dense as the average density 
6f the earth is wrong, and mathematicians can calculate 
how much wrong, or how much the average density of 
the whole earth exceeds the ascertained density of the 
mountain, and they find that the earth must be on the 
whole about twice as dense or heavy as if it were all 
made of the same rocks as Schehollien, and about 5^ 
times as heavy as water. 

The Cavendish experiment, as it is always called, 
from its first performer in 1798, was invented by the 
Rev. John Mitchell, who did not live to do it. It was 
done again, many times over during four years, with 
every possible care to secure accuracy, by the late 
Francis Bailey, P.It.A,S., whose experiments fill the. 
whole 14th volume of the 'RA.S. Memoirs.' Caven- 
dish's areinthe'Phil. Trans, of 1798.' It has also been 
done by Dr. Beitch abroad. What is called a torsion 
balance can be made more sensitive than any balance 
moving up and down, by hanging a longish rod with an 
equal ball at each end firom its middle by a long and 
thin wire. On another strong cross bat there are two 
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large globes of lead so arraaged that by piillmg certain 
ropes they can be brought up close to opposite sides of 
the balls, or of the glass case ia which the balance is 
enclosed, so as to attract them both against the torsion 
force of the wire, and the deflection is measured. But 
how is the strength of the wire to be measured ? By 
the time that the balls take to swing back again when 
the globes are withdrawn. Those vibrations in some 
cases took no less than 1 5 minutes each, which would be 
the time of a common pendulum 512 miles long, or the 
earth's attraction would have to be 810,000 times weaker 
than it is foi a common seconds pendulum of 39*14 
inches to swing in 900 seconds. With stifier wires the 
Tibrations were of course faster. 

You mast accept it as proved that the time ' of a 
pendulum varies as its length, and that the time* of 
a pendulum of given length varies inversely as the 
force of gravity, i.e., as the mass of the earth (which 
we want to ascertain) -^ its radius \ In like manner 
the time* of a torsion pendulum varies inversely as 
the force, i.e., the stifFnesB of the wire ; and two balls 
hung in this way will swing twice as slowly as if 
they were half the weight, though the time of a 
swinging pendulum is independent of its weight, be- 
cause its weight, which makes it swing, and the inertia 
vary together; while the weights do not move the 
torsion pendulum, but only supply its inertia. There- 
fore though there are two globes attracting two balls 
and the deflection is doubled thereby, yet the result 
would be the same if there were only one, except that 
the balance could not then exist. The stiffness or 
torsion force of the wire is measured inversely by the 
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deflection caused by the attraction of the globes. And 
aa the stiffnesff also varies inversely as . the time ^ of 
vibration, it follons that the attraction of each globe 
when the balls have come nearest to them is measured 
by the deflection -~ time ^ ; while the attraction of the 

earth is measured by — r^ — ; of a pendulum of the 
■' time* '^ 

same length as one of- the arms of the balance ; this 

being the short way of expressing that forces vary 

inversely as the time*. 

The rest is easy calculation. For the attraction of 
the earth is to that of the lead globes as earth's 
density x radius ^ . . density of lead x radius^ of globe 
radius' distance" of globe and ball ' 

taking care to measure all the lengths in either feet or 
inches. Deflection being an angle, we must use its 
numerical value ; and as it is a small one, if the length 
of the arm is A times the movement of the balls, we 
shall have this result for the comparative densities: 
earth _ seconds' of vibration x <? X radins' of globe 
lead distance' of centres x earth's radius ' 

The arms of the balance used were not in &ct so 
long as 39.14 inches, the length of a pendulum vibrat- 
ing seconds, but about 2 feet, and therefore we must 
put §^ d for d. It may be observed that since both 
the time ' of vibration and the deflection vary as the 
weakness of the wire, that quantity time ^ X d will be 
the same for all wires, so long as the globes ^nd balls 
ere the same. Not only have the balls to be encased 
in glass, but other casing was used, and the observer 
himself was not in the room, for fear of creating 
currents of air by his own heat, bat worked by ropes 
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outside, observing through a telescope in the wall. 
It is satisfactory that in spite of the difflcolties in 
both kinds of experiments ^e resnlts all agree with- 
in moderate limits ; for the Cavendish experiments 
(rejecting donbtfol results) ran from about 5-7 to S"3, 
and those of the Schehallien class from 5-3 down to 5 
at Mont Cenis ; so that Newton's ' diYinatiou ' of S;5 is 
as likely as any to be right. And that makes the 
actual weight of the earth about 5842 trillions of 
tons (a trilUoQ being i and 18 cyphers), since 36 cubic 
feet of water weigh a ton, or a tank 6 feet square 
every way holds 6 tons. 

I said in former editions that perhaps it would be 
possible to perform the experiment with a balance of 
the common form, and I see that it has since been done, 
with the result of 5'/ for the earth's density. Suppose 
two balls of 10 lbs. (70,000 grains), each fixed at the 
ends of a very seoBitive and long scale-be^n, with an 
index beyond each ball. It appears from the accounta 
of some of the finest balances that such a balance 
could be made to move sensibly under the addition of 
a 7Sth of a grain, about J inch square of this paper. 
If a lead globe of i foot radius is brought close under 
one ball, and another close above the other ball, they 
will produce the same effect as adding a s,25o,oooth 
to the weight of one ball, which is the proportion of 
^ grain to 10 lbs., if the density of lead is twice that 
of the earth. 

Mine Ezperimfflits. — We ought to notice another 
attempt to determine the earth's density, not because it 
produced any reliable result, but because it proved posi- 
tively that tiie earth's density increases inwards pretty 
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quickly. It can be shown by much easier mattiematics 
^an are tequiaite to prove the more simple-lookiBg 
proposition that a sphere attracts things outside it as if 
it were condensed into its centrcj that a hoUow sphere 
eserts no attraction at all on a particle P within it, or 
that the opposite attractions balance in all directions. 
For suppose innumerable straight lines drawn through 
F to the surface, so as to divide it all over into little 
squares, it follows from very simple geometry that the 
sides of any two opposite squares are as their distances 
from P, the squares being bo email that each opposite 
pair make the same angle with the lines which join 
them. Therefore the areas of opposite squares are as 
their distances ' from P ; but their attractions are as 
the areas ■— the distances' ; and therefore they are equal. 
And as that applies to every opposite pair, the attrac- 
tions are balanced in every direction. 

Consequently gravity would be the same at the depth 
of a mile below the earth's surface as if the shell a 
mUe thick were taken off, and we stood upon an earth 
of a mile less radius, provided the earth is of equal 
density throughout. And we have already seen that 
two globes of equal and unifomi dendty attract at their 
surfiaces in exact proportion to their radii. There- 
fore, if the outer shell of the earth were of the average 
density, gravity at the bottom of a mine a mile deep 
would be a 4000th less than at the top. It is also 
demonstrable by mathematics, that the time of vibra- 
tion of a pendulnm varies inversely as the square root 
of a force of gravity. Therefore at a mile below the 
surface of an earth of uniform density pendulums 
would lose in the proportion of v<4000 to v'3999; 
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which is practically an 8000th, or i second in 8000 ' 
compared with their rate ahove ground,* Bat in fact 
the late Astronomer Boyal found pendulums go faster 
down a deep colliery. If they had only kept the same 
late it wonld have proved that the outer shell of the 
earth of that dept^ was somewhat lighter than the 
ayersge density ; but as they actually gained, it proTed 
that the shell is much lighter : as indeed we know in- 
dependently. 

The result ohtained for the averse density of the 
earth was 6-6, which is so much heyond all the other 
calculations that it cannot be accepted ; and as it 
depends on estimates of the density of the .outer shell 
all round the world, it is not to be compared in value 
to the CaTendish experiment, which involves no such 
estimates, but merely careful performance. 

We know nothing of the rate at which the density 
increases inwards. But as the density of the thin 
shell that we are acquainted with is only about 2'6, 
and of the whole about 5 '6, it is evident that the density 
must increase inwards very rapidly, and a great deal 
more rapidly than if the earth were a cylinder and we 
lived on the top of it ; because the bulk of each suc- 
cessive shell of any given thickness in a globe decreases 
very fast. The bulk or volume of the inside globe of 
2000 miles radius is only one 7th of that of the shell 
2000 miles thick outside it, or one 8th of the whole 
earth. Again, if the bulk of the whole earth is called 

* For when two munben differ out; by a email fmotion, the diffet- 
enoe between their eqaarea ia very little more than twice tbe fraction ; 
and between the cnbes Ihree times ; and between the aqoaie and cobe 
roots half and a third of it reapectivelj. Here the fhkction is a 4ooothl 
and thetetbn (be njnares difier bj a aoootb. 

D 
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64 (=4^) there is 37 of it, or you laay say fonr /ths 
of the whole bulk, beyond the 3000 miles tadius, and 
only 27 ( = 3*) vfithin it. All that can be done towards 
making out tJie probable ratio of increase of density is 
to calculate what ratio will produce the actual ellip- 
tieity of a 295th. In a recent book on this subject" 
it is stated that a calculation of Laplace's arrives at a 
central density of 1074, or above 4 times the super- 
ficial, and a pressure there of nearly 3 million tons per 
equate foot. But this is arrived at by a certain as- 
sumption or formula, which may not be the only one 
that gives the proper ellipticity. In the present state 
of science we can go no farther, nor is this poiat of any 
known importance in astronomy. 

Indeed it must be understood that nothing in astro- 
nomy depends on the absolute weight of the earth, ex- 
cept that of the sun, moon, and plaaets ; their pro- 
portionate weights and all their motions would be just 
the same if we found the absolute weights to be tvrice 
or half what they are calculated at. Accurate know- 
ledge of the earth's diameter is far more important, for 
on that every measure in the universe depends. A mis- 
take in the received size of the earth stopped iKewton's 
belief in his own discoveries for some years, because it 
gave an erroneous measure of the moon's orbit, and 
therefore of her deviation ftom a straight course under 
the earth's attraction in any given short time, which 
deviation must bear a certain relation to the space 
&Ilen through by a stone or an apple in the same time, 
if his law of gravity was true. 

* Figbei'e ' Fbjricg of tlie Eailh'a Cnut.* 
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MOTIONS OF THE EARTH. 



Aa soon as it was known that the earth is a globe 
hanging in space, one would think it was more natnial 
to conclude tiiat day and night and the Tisihle motion 
of the stars are caused by the rotation of the earth, 
-than by the reTolution of that innQinerable quantity of 
stars, aJI keeping their distances Irom each other as if 
they were fixed in a frame. 

People must have seen too that the eleration of the 
sun above the horizon at noon, and of the moon at 
mid-heaven, is continually changin g, and varies as much 
as 47° between summer and winter ; and that the sun 
rises north-east and sets north-west in summer, but 
south-east and south-west in winter, and the moon and 
all stars near the ecliptic do the converse of this. If 
the earth does not rotate, that requires a complicated 
spiral kind of motion for the snn and moon and stars, 
something like winding thread round a ball with a 
continual twist, only more complicated, because the 
twist returns every six months. If they had allowed 
the earth to rotate daily, the sun's annual and the 
moon's monthly motion would have been simple on 
the hypothesis that they both go round the stationary 
but rotating earth in planes not coinciding with the 
equator. 

But nobody seems to have adopted even this latter 
modification of the old idea of the earth being abso- 
lutely fixed against both revolution and rotation ; 
much less the completely true theory of both, except a 
very few singularly wise men, whom nobody believed. 
D 2 
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Instead of that they inTented complicated schemes of 
' cycles and epicycles ' to account for the ■visible 
motions ; which ttiey did approximately, but broke 
down under more exact observations, even before tele- 
scopes were invented. Ptolemy of Egypt, the great 
astronomer and astrologer of the second century, in- 
vented one such scheme, which was received for 1 500 
years by those who believed any, even after Coperni- 
cus, a Grerman priest contemporary with Luther, had 
propounded the true theory in 1541. Tycho Brah6 
invented another, which did allow the planete to go 
round the sun, but still made the sun himself go 
round the earth. He objected to Copernicus that if 
the earth rotates eastward, a stone dropped from the 
top of a high tower ought to fall a long way west of it. 
It was rightly answered that the stone partakes of the 
eastward motion of the tower, and therefore falls at 
the bottom. But that only answered the objection, 
and did not prove rotation. 

Newtoa went further, and said that it must fall half 
an inch eatt of the plumb-line from a tower 256 feet 
high ; for it takes 4 seconds to faU that height, and 
the top of such a tower moves an 80,000th faster than 
the bottom in this latitude, where we go above 380 
yards eastward in a second. On the experiment being 
tried it did so, and that was the first direct proof of 
the earth's rotation. 

The earth's rotation from west to east makes all the 
universe appear to revolve from east to west, or to rise 
in the east and set in the west. For though the moon 
and planets, and the sun too (relatively to the earth) 
go round the earth eastward, or in the same direction 
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ae the earth rotates, yet their motions are so much 
slower, the moon taking a month and some of the 
planets many years to go round ns, that they appear 
to go the other way hourly ; though if you look at 
them at the same hour on successive days, you per- 
ceive their eastward motion by the stars beliind them. 
In this hemisphere, motion from east to west is from 
left to right, looking south towards the sun. In the 
southern hemisphere generally, they have to look 
north at the sun, and so east to west means right to 
left But at the equator they have to turn north to 
the sun &om March 21 to September 23, and south in 
the other half-year, with other variations of the time 
up to the two tropics, as you will see farther on. 

The two following proofs of the earth's rotation were 
invented by Fouoault. If a heavy ball is bung by a 
long string &om the ceiling aoA set and kept swing- 
ing, taking care to make it oscillate in one plane and 
not revolve, it will be seen after some time to be 
swinging across the floor in a different direction from 
that in which it started. The reason is, that the floor 
has revolved under it with the rotation of the earth. If 
such a pendulum were swung at the north or south 
pole, the floor would revolve under it in 24 hours : at 
the equator it would not revolve at all ; and at inter- 
mediate places, such as England, it revolves slower 
than at the poles, but still enough to be visible in an 
hour or so. But if the ball is allowed to swing in an 
ellipse, however narrow, instead of in a plane, the 
ellipse will wheel round in the same direc^on as the 
ball, from quite another cause. The best way to pre- 
vent that is to hang the ball away from the vertical by 
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s thread and then turn it I have heard people object 
that the slight etifiiiess of the Btring at the point of 
suspension must affect the pendulum a little ; bat if so 
it would affect it the other way : the experiment 8uc- 
ceeds in spite of the stif&iess of the string. The same 
thing may be shown by the machine called the ^yro- 
scojK, where a heavy disc or wheel, turning on pivots 
set in a ring which itself turns on other pivots at 
right angles to the disc pivots (like the gimbals of a 
ship-compass), will keep spinning in the same plane and 
witii its axis pointing to tiie same star, while the frame 
which carries the ring moves round it with the rota- 
tion of the earth. This is the more complete experi- 
ment, and may he performed anywhere; for if the 
wheel is spun in any latitude, with its axis at right 
angles to the earth's axis, the force of rotation of 
the wheel will keep the plane of the ring directed to 
the same stars, while the outer frame turns round it 
on the other pivots, which will be parallel to the earth's 
axis. It is now possible to keep the wheel going by 
electricity for any length of time, without anythipg to 
deflect it, except friction : in spite of which it main- 
tains its deviation from the earth's motion. 

From the earliest times to about 1 500 a.d. we hear 
of only one definite suggestion, that the sun does not 
go round the earth, but the earth round it, tiiongh it 
was also attributed to Pyth^oras, but it la not kaown 
on what authority. Archimedes tells us in a book of 
his own, that another astronomer, Axistarchus, about 280 
B.O., held the opinion that the earili goes round the sun 
in a circle, and that the size of that circle is quite 
insignificant compared with the distance of the stars. 
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Unfortunately for the credit of Archimedes, he en- 
tirely disbelieved it; as we shall see that much more 
modem astronomers have discredited other people's 
discoTeries which were equally correct. It is true that 
nothing of the kind appears in the only small book of 
Ajistarchus himself which has come down to ns, ' On 
the Sizes and Distances of the Sun and Moon ; ' but 
there is nothing contradictory to it, Mid he may have 
discovered the motion of the earth after he had written 
his book on its distance from the sun.* One can 
hardly suppose that a man like Archimedes would 
take tiie trouble to combat the opinion of another 
matbematician on such an important question without 
knowing that he held it. It is quite certain, however, 
that Aristarchus knew the rotation of the earth, and 
that it is the earth's shadow that eclipses the moon. 

But if Aristarchus satisfied himself that the earth 
moves round the sun, the world itself and even the 
best astronomers were not moved into believing it 
for nearly 2000 years more ; that is, until the time 
of Oopemicns above mentioned, who propounded at 
once the earth's rotation and its revolution with all 
the planets round the sun. 

Then came Galileo, a still greater astronomer, who 
was bom at Pisa in 15 64, and died, as Horrocks did, in 
1642 (the year Newton was bom), and invented a 
telescope, which gave him the power of examining their 
motions still more accurately; and he found other 
proofs of Oopemicus's theory, and (as is well known) 
was imprisoned for three years by the Bomau Inqui- 

* I take tbeae BUtementi iitm th» ■ liTW ' of these t«ro philoMphen 
»nd qnotntloBS theiela : I do not profew to have nad tbeii booki. 
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sitioii for publishing them." Afterwards, about 1680, 
Newton made the far greater discovery of the reason 
why the earth and the planets and the moon all move, 
and must move for ever as they do, founded on that law 
of gravitation. I will explain afterwards how that law 
affecte them ; for the present we will go on with their 
motions as they are. 

Besides the earth's rotation, everybody now knows 
that it goes round the son. But if you ask for a direct 
or positive proof of the earth's revolution, I know of 
none that can be given until we come to the ' aberra- 
tion of light,' which proves the motion ofthe earth, not 
by the sun, but by the stars, as we shall see. But the 
impossibility of explaining the motions of the planets 
on any other theory is amply sufficient proof. 

The earth then goes round the sun, so as to see the 
same stars again in a line with him, in a year of about 
365^ days — a day meaning the time of one rotation 
of the earth on its own axis from noon to noon, 
or the average time of the sun's twice passing the 
same meridian. But we shall have to consider the 
length of the year more exactly afterwards, and also 
of different kinds of days which are dealt with in 
astronomy. 

If the world were habitable all round, and not 
divided by the two great oceans, it would be impossible 
to avoid a sudden break of time somewhere, which 
would make the same day December 3 1 on one aide of 
the boundary and January I on the other side. For 
the days begin and end 4 minutes later for every 

* Another of the earl; preaohers of ibe Copetaioaa theory, Oiordano 
Bruno, mu imprisoned twice aa long, and finitllf bomt itst it. 
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. degree of lougitade as you go west, and earlier as yon 
go east ; and if a man could sail lonnd the earth 
westward, he would find that he had lost a day in 
his reckoning hy the sun when he came home, and 
that he had gained one hy sailing round the globe 
eastward, as the earth turns from west to east, and 
therefore all the heavenly bodies appear to go the other 
way, as explained at p. 37. 

Consequently two ships sailing opposite ways, E. 
and W. through the Pacific Oceans, find their times a 
day different when they meet ; and some longitude 
is agreed on accordingly where it is understood that 
ships going west are to add a day to their rectoning 
and those going oast to drop one. 

The earth's mean distance from the sun has been in 
a very unsettled state for the last thirty years, different 
processes for measuring it having given results vary- 
ing from 91^ million miles to 93i; of which I shall 
give some account afterwards. The 95 millions, which 
was the accepted distance from about 1780 to 1850, was 
certainly too groat, and probably was the result of an 
error of observation of the transit of Venus of 1769, 
When the last edition of this book was printed 92 
millions was the most probable round number, derived 
from the transit of 1874, and it is still impossible to 
use anything except a round number with confidence. 
At present it seems likely to be a little more ; but it is 
not worth while to disturb again all the figures that 
depend on this yard-wand of the universe (beyond the 
moon) until it is settled with more certainty. And so 
with that caution I shall leave them, especially as 
another transit of Yenus is coming next December. 
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The old 95 millions and its consequences were left in 
the books of Herschel and other great writers on astro- 
nomy long after it was weU knovm to be 2 or 3 or 4 
millions wrong. Indeed the first edition of this book in 
1S65 was the first that changed them. I recalculated 
all the dimensions and masses of the solar system to 
suit the then probable sun's distance. 

It follows from that radius of 92,000^00 miles that 
the whole length of the earth's path or orbit treated as 
a circle is 578,052,560 miles. If you work it ont you 
will find that that comes to a rate of traTelling through 
space of 65,9+1 miles an hour, or i8'3i7 miles in a 
second, or 80 times &ster than sotmd or an ordinary 
cannon-ball goes through the air : 365*256 days being 
the sidereal year or a complete revolution of the earth, 
and the time being the same as if the orbit were a 
circle, which it is not quite. 

The reason why we do not feel moving with this 
enormous velocity is, that it is practically constant, 
and deviates too little from a straight line for us to 
feel that we are going round a curve. The addition 
of the rotation velocity at night, and the loss of it by 
day, about 1000 miles an hour at the equator, is 
much too little to be perceived, and the change 
is also very gradual. Uniform motion in a straight 
line is as easy as rest, and requires no force to main- 
tain it, though it did to start it — and requires the 
same force again to stop it. And as we carry the air 
with us more completely than in a closed railway 
carriage, there is no wind or resistance of air such as 
we feel ontaide the canine. 

The centrifogal force from rotation is so much over- 
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balanced by tbe earth's attraction, which ia 289 times 
as great at the equator, where the centrifugal force is 
greatest, that it ia quite insensible to us. Kevertheless 
things are lighter there than in high latitudes. A 
spring balance which weighs rightly st the poles would 
mark 289 ponnds as weighing 288 at the eqnator, &om 
the centrifngal force alone. 

Things weigh less at the equator firom another canae 
besides, in a spring balance, or when swung as a pen- 
dnlum, which vibrates slower there. An oblate spheroid 
attracts less there than at its poles, because they 
are nearer to the centre, though the attraction at a 
given distance from the centre is less in the polar 
direction than in any other, as we shall see afterwards.* 
K the earth's density were uniform, the difTerence would 
be only a fifth of the ellipticity or ^^b \ but the inside 
is much denser than the outside, and it is calculated 
that Uie equatorial attraction front this cause is a 5 90th 
less than the polar. Therefore taking both causes 
together, 194 pounds at the poles only weigh 193 in 
the same spring balance at the equator ; and between 
London and the equator 1000 pounds lose about 3, and 
a clock pendulum loses zj minutes a day, for the time 
of vibration varies inversely as ^ gravity. 

Another objection may occur to you, as it did to 
those who imprisoned G^leo, that in several places in 
the Psalms it is said that ' the earth shall never move,' 
and so forth. But that was answered by the late Dr. 
McCaul, who showed that the Hebrew word which is 

* For a particle on the equator of Enoh a aplieroid is evidently 
farther from the whole man on the ararago than In a apheie, aiid a 
partiole oa dthei pole ia nearei. 
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translated ' move,* really means to shake or totter ;* 
and so those passages of the Bible, instead of contra- 
dicting the truth, were only waiting to confirm it as 
soon as the truth itself was discovered by the advance 
of science ; for the stability of the universe against 
shocks and permanent disturbances is now proved to be 
a consequence of the law of gravitation. The same may 
be said of the famous passage, ' Let there be light,' 
which people osed to admire merely for its poetic 
grandenr, and had no idea till this century that no 
other words would have been equally correct ; for it is 
now certain that light is not a substance to be created, 
like water, bat rather a state of things, like noise and 
electricity. Still less would a mere inventor of a 
cosmogony, or scheme of creation, have made light 
older than the san : — i.e., the sun in his present con- 
dition. 

BLLimO OBBIT OP THE EABTH. 
Hitherto I have spoken of the earth going round the 
sun in a circle, as it does very nearly but not quite ; 
for the earth's orbit is au ellipse, and not a circle. It 
is remarkable that another ancient astronomer, Hip- 
parchus, about 150 B.C., found out that the (apparent) 
orbit of the sun round the earth is not quite a circle, 
though he stopped short of the greater step which 
Aristarchus had probably made for himself 100 years 
before, and missed observing that the apparent orbit 
of the sun round the earth is the same as the real 
orbit of the earth round the sun. This figure of the 
ellipse is so important in astronomy, that you had 
• 'Aids to Faith,' p. ii?. 
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better learn at once what it is ; for every oval or figure 
like a flattened circle is not an ellipse. Ovala for 
picture frames are often made out of four pieces of 
circles, two of a large one and two of a small pnt 
together : hat no pieces of any circles will make a real 
ellipse. The simplest way to make one is to take a 
piece of thin string with a loop at each end ; stick a 
pin through each loop into the table through a sheet 
of paper, leaving the string quite loose between them ; 
put a pencil in to stretch the string out, and run" it 
along, always keeping the string tight : then the pen- 
cil will describe an ellipse. And there are other ways 
which we need not describe beyond saying that if a 
straight stick has two pins and a pencil stack in it, and 
the pins run along any two straight lines which cross, 
the pencil will trace out an ellipse. 

Here is an ellipse with the circle containing it. 
SPH or SBH is the string ; 8 H being the places of the 
pins, each of which is a focus of the ellipse ; C the 
centre of both the ellijne 
and the circle; ACD is 
the atds major or the 
greatest diameter, which 
evidently = the length of 
the string or SP -j- HP, 
or twice SB. BOF is the 
axis minor. The nearer to- 
gether the foci are for a 
given length of aaa's major, 
the more the ellipse ap- 
proaches a circle, or the less eccentric it is ; for the 
proportion of CS to CA is the eceentrieiiy, which 
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is therefore expteased by a fraction, either a vnlgwr 
fraction or a decimal, aa may be most conve- 
oient; and you see it is mncb greater than the 

eilipticity — — - When the ellipse is very nearly a 

circle the eilipticity may be called half the square of 

the eccentricity, or ,=-j-=f ■ Thns the eccentricity of the 

earth's orbit is almost a 6otb, but its eilipticity is a 
72,cxxyth. CS alone may be called the linear eccen- 
tricity. We speak of the eccentricity of the planets' 
orbits, because we are not concerned with their centre 
but their focus, where the sun always is. On the other 
hand, we have nothing to do with the focus of a me- 
ridian of the earth, and so we speak of its eilipticity. 
SB or AC is also the ' mean distance,' on which the 
length of the yew depends. 

If you want to find the minor asis of a planet's orbit 
fi^m the major axis and eccentricity (which are always 
the things given), you may do it by this rule; tbe 
square of the linear eccentricity, i.e. SO* = the sum of 
the semiaxes x their di£ference, or = the difference of 
their squares ; the reason of which will be evident to 
any one with a little knowledge of mathematics. 
Taking 8P alone, which is called the radiw vector, it 
evidently varies faster the more eccentric the ellipse 
is ; and we shall see the importance of that when we 
come to the moon's disturbances. 

But though. the string or stick methods are the best 
for drawing an ellipse, ^ere is another definition of it 
which it is important to understand. An ellipse is 
the oblique or perspective view of a circle. For if the 
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circle is tnmed a little on ite diameter, it will eorei 
from your eye the elliptic apace ABDF, and all the 
linea at right angles to that diameter, such as CF and 
y (which letter is always used in mathematical books 
for those lines called ordinatea), will be less, in pro- 
portion to the ellipticity ER, coneddering AC inrari- 
able. But the centre of the perspective ellipse does 
not coincide with that of the circle, or Ml npon the 
line of sight from the eye to the centre erf the circle, 
unless it is seen so far off that all the lines of sight 
may be considered parallel, as in looking at any of the 
heavenly bodies^ except when we want to measure them. 
The ellipse is the shape of the orbit of all the planets, 
ftnd of the moons round the planets which have any. 
The linear eccentricity of the earth's orbit at present is 
'0168, or one 60th, of its semi-axis major or mean dis- 
tance of 92,000,000 miles ; and therefore the earth is 
about 3 million miles nearer the sun at one time than 
another. Ton may very likely think this is the cause 
of the differenoe between winter and summer ; but it 
is no such thing. On the contrary, the earth happens 
to be nearest to the snn in the middle of our winter, 
about the ist of January, though it has not always 
been so, and will cease to be so again. For the whole 
ellipse turns round, going forwards, or in the same 
direction as the earth itself moves, 1 1"'8 a year, or 1° 
in 30S years ; and at the same time the equinoctial 
points, on which the times of all the seasons depend, as 
you will see presently, go backwards at the rate of 
50""i a year, or completely round in 25,868 years. And 
as one goes one way and the other the other way, it is 
the Bame as if the places of perihelitm and a^ph^ion, or 
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newest and farthest distances horn the sun, went for- 
wnrd at the rate of 6i"'9 a year, or completely round in 
20,984 years, relatively to the equinoxea, from which 
all celestial measures are taken, though the time of 
absolute or sidereal roToIution of the perihelion is 
109,830 years; but the motion is irregular, and the 
winter solstice was at aphelion 1 1,700 and 33,300 and 
61,300 years ago." 

The time the earth takes to return to perihelion ia 
called the anomaliatie year, because the angular dis- 
tance of a planet from perihelion, or of the moon from 
perigee or point of nearest approach to the earth, is 
called its true anomaly. The distance it would have 
gone in the same time if it moved uniformly, or in a 
circle instead of an ellipse, is its mean anomaly ; and 
their difference is called the eqvation of the centre : all 
these being measured by the angles described by the 
radius vector round the sun — or earth in the case 
of the moom The anomalistic year is 2Sm. longer 
than the equinoctial year, in consequence of the ad- 
vance of the perihelion. But this is only a fact, and 
not a period used for calculation. 

The Seasons. — The real cause of summer and 
winter is that the earth's axis does not stand upright 
in her orbit round the sun, which is called the ecUptio, 
but one pole always leans 23° 28' towards what we call 
the north of the heavens or fixed stars, and the other 
pole leans as much to the south. Consequently, when 
the earth is on the south side of the sun, the north pole, 
and the northern hemisphere generally, are turned 
towards the snn, and the south pole away from him, 
* CioU on ' Climate and Time,' p. 418. 
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and it is summer in the north and winter in the south. 
Six months aftei, the earth having gone half round 
the Ban, the north hemisphere is turned away ftom 
him, and the south hemisphere then looks towards the 
8un, and so it is winter in the north and summer 
in the south. 

The north pole being now nearest the sun in winter 
mitigates both the cold and heat of our climate con- 
siderably, though other causes have much to do with 
that, which belong rather to what is called physical 
geography. Sir J. Herschel gives some striking 
proofs that the intensity of both seasons is con- 
sequently much greater in the southern hemisphere, 
which has its winter when the earth is fortbest from 
the sun and its summer when nearest ; though on the 
whole the southern hemisphere is coldest, for reasons 
which we shall see presently. But 11,000 years ago 
perihelion was in June instead of January, and it will 
be BO again in 10,000 years more. And the difference 
of distances may be far greater than it has been for 
8<une thousands of years. 

Glacial periods, — For the eccentricity of our orbit 
has long been slowly decreasing, and is now near its 
minimum, and its variation affects the intensity of the 
seasons in the arctic and temperate zones to an amount 
enormously beyond what either astronomers or other 
philosophers* had believed possible, until the investi- 
gation of the subject by Mr. Cioll, who has collected 

* It is A pity that tbiB old-fashioned word has been allowed to 
acqniie the meaniog of either aNuiaptiou or extravagant pratK or 
lidioule, ai the case maj be, and that people are inventing variooa 
taieign and aemi-XhigUBh, or no-EnglUh-at-all substitute* tor it. 

II 
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his prerions papers into a book called ' Climate and 
Time.' Some parts of it are beyond the scope of tbis, 
and baye not tbe certainty of the strictly astronomical 
conoluBions, which have not been seriously disputed 
since tbeii first pnblictation. The following may be 
taken as a sumniary of them. 

According to the calculations of Le Verrier and 
otbers, it seems that tbe eccentricity baa varied thus, 
taking only a portion of tbe longer table given by Mr. 
CroU, p, 320 : — 
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Wherever in that long period of great eccentricity, 
from 80/Doo to 300,000 years ago, or tbe earlier one 
600,000 years before, oar bemispbere was at aphelion 
in winter, it would be exposed to far greater cold than 
now. When tbe eccentricity was *0S7S we were above 
97 million miles from the sun in winter (of which the 
square is 9409) against only 90 now. Tbe mean winter 
beat of England is now about 39°. But that is only 
39° above an arbitrary zero, which might be anytbing 
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else, and by othei thermometer ecales is Bomething 
else, for tlie others take the freezing point of water for 
their zero. The real question is how much ^tter is 
it than if there were no son ? It has been concluded 
from experiments by Herschel and others that the zero 
of space, or the heat in the absence of the sun, is 239° 
below our zero. It has also been concluded that the 
absolnte zero in the absence of all heating influences 
is —461°, which makes the stare give us 222" of heat," 
01 not very much less than the heat due to tiie sun in 
winter — a somewhat strange result, which makes one 
suspect that the 239° is too high a temperature for the 
absence of the sun. However, taking it t« be right, 
our winter heat due to the sun when 90 miUion miles off 
is 278°. And it must vary iuTcrsely as the square of the 
distance (p. 2i). Thereforethe heat of winter in aphelion 
with an eccentricity of 0575 was i— = 239", 

or just oup zero ; but that coincidence is only acci- 
dental If the zero of space is really lower, the dif- 
ference between the winter heat of that period and the 
present would be still more than 39°, but that is quite 
enough. 

* The mode of eatimatiog thia may be seen in ■ TTcdall on Heat,' 
$ ^6, And he docfl not appeu to consider it oonoliudTe. It ftppean to 
me impoeaible. For star-light ia practically notliing oompaied vith 
■nn-light; and yet eome of the atara are sstlmatod lo bsTe mnch 
grealei intrinsic brightn«s< than tbe sun, even bb seen here. If the 
czperimenta on which these GBtimBteB of the abeolnte and sunlcM ceroa 
of heat were coDOlniiTe, we should be furoed to oonolnde, further, that 
*tai-light is obstraoted and tamed into heat to ftn enonnooa extent In 
paaung through apaoe; bat it oertainly U not in thecaaeof thoae 
•tara; anil those figures can only be rpgarded ai approximatlniia, and 
Teiy wide onea too : wbioh intauiflea thew ivtnlta. 

X 2 
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Yoa may ast, however, why does not the increased 
summer heat in perihelion balance the increaaed cold of 
winter, and melt away the exce^ of ice ao produced ? At 
one time it was taken for granted that it most ; but that 
was the miBtake which underlay all the former conclu- 
sions on this subject. Though the direct heat of the 
Bnn is greater, it has to make its way to the ice through 
the vapour and fog which always rise from it, whether 
in a visible or invisible form. And though the air 
receives that heat, it then rises and carries it away in' 
wind, and radiates it back into space ; and so all that 
' heat never reaches the ice, although in very clear 
weather the sun is sometimes hot enough to melt the 
pitch on one side of a ship while the thermometer on 
the other side is below zero, and to blister your face 
in a freezing air. 

Secondly, ice is a fixed treasury of cold in a .very 
different way from water. Water at 32° contains 143" 
more heat than the same weight of ice at 32° ; for it 
takes as much heat to melt a pound of ice as will raise 
a pound of water 143°. This is called the lateni hsai 
of water. Colder ice of course takes still more heat to 
melt it. And the general temperature over a large 
mass of ice cannot rise until the whole is melted. 
Moreover, even if the same quantity of cold (as we 
may say) could fall in the form of water 143'' or more 
below freezing, a vast deal of it would run away by 
mere gravity, and in currents of the sea, which bring 
return currents of warm water ; just as our temperature 
is now compounded of the heat directly received from 
the sun, and of the warm currents of air uid water in 
tiiese latitudes ftom the south-west, especially the gulf 
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stream ; which is the heated eurfaoe water of the torrid 
zone, first going west with the trade wind, and then re- 
flected from the shores of the Gulf of Mexico towards 
England and Norway, which are thereby made a great 
deal warmer thui other places of the same latitude 
where there is no snch stream. On the other hand, 
the water at the depth of 600 yards near the equator 
is only lo" above freezing, having come from the 
arctic regions nnder the wanner water, which is lighter. 
But when everything is covered with ice many 
feet and even miles thick, as it once was all over 
England, there can be no such interchange of warm 
and cold water, and the sun has to do the whole work 
of melting the ice through the fog, and has not time 
to do it in the summer. The same thing preveuls now 
on high mountains all over the globe. It is colder 
there because the heat radiates away &8ter into space 
through the tliinner ait, and more snow falls because 
the vapour raised by the sun is condensed by the cold 
mountain tops, and more Mis in a year than the snn 
can melt, and so there is constant glaciation. The 
density of the air diminishes upwards so fast that half 
the weight of the atmosphere lies within 3^ miles 
above sea level, and there is no sensible atmosphere at 
80 miles ; and the density of the invisible vaponi in 
the air decreases with it, which is the great obstructor 
of the passage of heat, and obstructs radiation of heat 
from the earth more than the reception of heat from 
the snn. But for the air thus retaining the heat, every 
green thing on the earth would be killed by frost 
every fine night, as it would stU radiate away, and they 
would be scorched by day. The clouds reflect the 
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heat back again, and so cloudy nighta in Bummer are 
the warmest. 

A perihelionic summer, &om equinox to equinox, ia 
shorter than an aphelionic one, becaoBe the earth goes 
fastest at perihelion ; but that does not sigmfy, because 
the beat and the motion of the earth botb vary inversely 
as the square of the distaiice, and so the quantity of 
Bummer beat received by each hemisphere is always 
the same ; except that the earth receives on the whole 
rather more heat when the orbit is more eccentric, i.e., 
narrower ; for then the average (not mean) distance for 
the whole year is evidently Icbb, the minor axis of the 
ellipee being smaller while the major ia constant. It 
is eaBily proved by mathenmtics that the total annual 
heat in any orbit round the source of heat Taries 
inversely as its area. And as the area of an ellipse is 
3* 1416 X the product of the semi-axes, you see at 
once tliat the annual heat in an orbit of given major 
axis varies inversely as the minor axis. In ellipses of 
small eccentricity the minor axis is to the major as I 
minus half the square of the eccentricity is to i ; and 
so you may calculate bom the above table that the 
smallest minor axis of the earth's varying orbits is not 
a 700th less than the greatest ; which would make no 
sensible difference in the total annual heat ; but the 
difference between the greatest and least distance in a 
time of greatest eccentricity is a fifth, and it is that 
which so seriously affects the seasons and climates. 

The glaciation also tends to increase itself so long 
as the necessary conditions last, by the accumulating 
ice depressing that part of the globe, or raising the 
earth's centre of gravity towarda the glaciated pole, 
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and therefore the water with it, which then gets frozen, 
and so extends the ice Btill farther, which again cuts 
off more heat in the next summer. And fiirther still, 
the increased heat of the summer sun raises more water 
to fall in snow ; and so glaciation goes on increasing 
until that winter leavea aphelion by the precession of 
the equinoxes. Tyndall says that every pound of ice 
in a glacier has required as much heat as would melt 
5 lbs. of iron, to raise it &om the sea, to fall ^ain in 

Moreover, we shall see afterwards that the trade 
winds, which blow pretty constantly from the north- 
east in the north hemisphere, and sonth-east in the 
southern one, are caused by the difference of heat at 
the poles and the equator ; and therefore that difiereuce 
is greatest in the hemisphere which is most glaciated ; 
consequently the trade wind of that hemisphere carries 
some of the equatorial warm water over into the other, 
and in fact does so now, making the cabn region north 
of the equator, and so tends to aggravate the difference 
of temperature between the two hemispheres still 
more ; for the great oceanic warm currents play a most 
important part in the warming of whatever lands they 
reach; while the returning cold currents from the 
polar regions always go underneath, and so produce 
scarcely any effect on the land.* 

All this is reversed in the warmer hemisphere, and 
may be reversed so much as to equalise the seasons 
there. The perihelion distance 210,000 years ago was 
only 87 millions of miles, of which the square is 7669, 

* 'Climate and Time,' p. 119: and sae Airther papers by Hi. CroU 
in the Fh. Jontual, 187^. 



:,q,t,=cdbvGoOg[c 



56 Effects on Climate 

and mbstitnting that for the former 9409 makes the 
winter temperature 293° above the zero of no son, or 
54° above our zero, which is only 6° below our mean 
Bnmmer heat. There would therefore be perpetual 
Bummer in one hemisphere whenever the other is in a 
state of maximum glaciatiou ; even without taking 
into account the effects of the stronger trade-wind then 
sending over still more of the equatorial warm water, 
which we cannot calculate. For the last 60,000 years, 
however, nothing of this kind can have taken place, 
because the eccentricity has been too small ; but even 
now the antarctic glaciation extends much farther 
than the arctic, though the antarctic summer is hotter 
beyond the limits of glaciation. 

Mr. Croll has also shown that much greater changes 
of climate than had before been thought possible are 
due to the variation of the inclination of the earth's 
axis, which has diminished from the earliest days of 
astronomy abont i' a year. It is now 23° 27' 44", and 
astronomers have calculated that its maximum was 
24° 36', and its minimum 22°, and that the maximum 
was about 6o,ooo years ago. So there would be some 
glacial epochs coinciding with a maximum, and others 
with a minimum inclination. If the axis were upright 
the poles would receive no heat at all, for the sun's 
rays would only graze them. On the other hand, if 
the poles lay in the ecliptic, they would alternately 
receive as much heat as possible. Therefore the 
greater the obliquity the more heat the polar regions 
receive. It has been calculated that they received an 
1 8th more with the maximum obliquity than now, and 
therefore above an 18th less than now with the mini- 
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mum obliquity. Each iSth is equivalent to 15° of 
heat by the method of calculation at p. 51. So here 
ia another range of 30° of heat, to be compounded 
with the former according to circumstances, at some 
periods iucteaaing the effecta of glaoiation and sub- 
mergence of one hemisphere, and at others teuding 
still more to make the polar regions temperate, and 
even warm, all the year round. 

All this concnis with geological evidence from 
various parts of the world ; in the evideutly successiTe 
submergences of a great part, if not the whole, of 
Europe aud Asia and North America to different 
depl^ below the sea, and emei^ences again, and 
traces of the grinding of glaciers over rocks now high ; 
and in their successive beds of coal, which are composed 
of trees and plants of interglacial ages, and such as 
could only grow in a warm equable cUmate; and 
divers other evidences, for which you must consult Mr. 
Croll's booh. But there have only been a definite 
number of glacial periods, since the effects of the 
internal heat became insensible on the surface. 

He has also deduced, with all but astronomical cer- 
tainty — a very different thing from mere geological 
' estimates — a limit to the time during which the three 
northern continents can have had any existence at aU 
for vital purposes ; and that limit is very far within 
the millions of years which some recent the<H:i3te have 
been playing with as if they had any number of such 
ages at their command. For we see that about 
210,000 years ago there was a period of maximum 
glaoiation here, besides the minor ones in much less 
distant times, in which a great part of this hemisphere 
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was covered with perpetual ice for thousands of years 
together, aud parte farther south, which may have 
escaped that, were kept down under the sea by the 
weight of that same ice and overflow of water from 
the other hemisphere then unfrozen. 

These are tremendous consequences to follow, as 
they do, from such a remote and small cause as the 
disturbance of the inclination of the earth's axis and 
of the eccentricity of the orbit by the attractions of 
the other planets ; of which neither the largest nor 
the nearest occupiea a space in the sky = a 2500th of 
the moon's, or larger than a pea at the distance of 125 
feet. Even that gives much too large an idea of their 
power of disturbance, for that does not vary inversely 
as the square of the distance, as attraction does, and 
as apparent size does, but as the cube of the distance, 
as we shall see afterwards. And therefore, although 
Jupiter is about 25,000 times as heavy as the moon, 
his disturbing force on the earth is only a 330,000th 
of the moon's, and Venns's about the same ; and the 
effects of the other planete are much less.* Yet these 
disturbances, you see, produce effects on the earth 
compared with which the tides are as nothing. For 
they destroy a large part of the earth for the time as 
completely as if it were burnt up, or crushed under 
another planet; and at other times they bring con- 
stant summer into the regions previously buried miles 
deep ander perpetual ice. 

* The mooa does also {^odiioe other diatnrbtiTices of the enrfli, bemdea 
the tiHea vhich oonntoraot themaelTas daily, iastewl nf Bccanmlating 
like the climfttio distmbanceg. She ffwajs the earth backwards and 
forwarda 5790 mjlea every fottnigb t, beaidea being the chief uiue of 
tlie pteceMion of the equinoxee, u «e aball aee pieesDtly. 
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Length of day and night — We have only hitherto 
spoken of sotniner and winter aa the eztremeci of heat 
aad cold, and without reference to the earth's rotation. 
But we know that sonuneT ia not only the time of 
warmth, bnt also of longest days ; and to explain that 
we mnat consider the earth's xotation as well as revo- 
lution. Take a terrestrial globe and elevate the north 
pole 23^° above the wooden horizon, which we may 
tftke to represent the boundary of light and darkness, 
assuming the sun to stand right above it ; for of course 
there is no such thing really as ' above and below,' in 
the heavens, and we only use these terms for con- 
venience. Then as you spin the globe round for its 
daily rotation, you will see that nothing within the 
aroUe oirde, 23^° &om the north pole, ever goes below 
the horizon or into darknesB ; that is, the sun never goes 
below the horizon of the people within that circle in 
the northern midsummer. At the same time nothing 
within the antaretie circle, 23^° irom the south pole, 
comes into the light at all, and so those people have 
no daylight ia the middle of their winter. The con- 
verse of all this evidently takes place at the opposite 
time of the year. But half way between those times, 
when the earth is either east or west of the snn, the 
two poles are equidistant from the sun; and so the 
light received by the two hemispheres is equal. And 
to measure the length of days at those times you must 
lay the poles level with the horizon or boundary of 
light, and you will see that every part of the globe 
is just OB long above as below it, or the days and 
nights are equal 

Therefiire those times are called the ejianoseeB, which 
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occQt on March 2i and September 23. MidstumneT 
and midwinter are called the goUticea, because the sun 
then stays at the eama distance from the equator for a 
few days, as you may see by looking at the ecliptic on 
a globe where it is farthest from the equator ; and the 
days remain of the same length for a short time before 
they begin slowly to get shorter or longer again. The 
neater yon go to the poles the greater is the difTerence 
of days and nights at all times except the equinoxes. 
Even in the north of England the difference is Tisibly 
greater than in the south. 

The reason why it is so cold where the sun never 
sets, is, that his rays generally fall very obliqnely on 
the polar regions, as you may see, considering the sun 
right above the globe when the pole is elevated 23^^° 
above the wooden horizon. It is true that he is 
higher above the horizon of any place on the arctic 
circle at noon in midsummer than he is here in winter, 
viz., 47° (twice 23^) against our 28° (lat. 5ii°— 234°) ; 
and in fact the sun is sometimes very hot there. But 
in the shade it is always very cold, from the absorp- 
tion of all the heat by the ice and snow ; which may 
be called the radiation of cold, as cold bodies absorb 
heat from hotter ones in every direction. 

The polar regions, in short, are an illustration of a 
glacial condition, and so are high mountains, where 
more snow Mis in winter than is thawed in summer. 
Professor Tyndall's explanation of that is, that the air, 
and the vapour in the air, decrease rapidly in density 
upwards, and the vapour absorbing the radiated heat of 
the earth leaves less and less of snch heat the higher yon 
go, though the sun's rays are actually hotter. Vapour 
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stops radiated he&t much more than direct snn heat. 
That is why one gets so hot walking in a damp day. 

At the eijninoxes the smi appears on the equator, 
which means in astronomy not merely a circle round 
the earth equidistant from the poles, bnt the plane of 
that circle extended to the heavens. And as the sun is 
always in the ecliptic, the equinoxes are the places 
where the equator and ecliptic cross each other. For 
all these purposes we may properly talk of the earth 
as tnming^ on a fixed axis, and the sun moving ronnd 
the earth in the eolipdo. For their relative motions 
are the same as if they did so ; and if there were no 
other bodies in the universe to measure by, no human 
being could ever have found out that the earth does not 
stand still with the sun revolving round it ; or that the 
sun is bigger than the earth. 

The equator is neceBsarily as much inclined to the 
ecliptic as the poles of the earth are to that line per- 
pendicular to the ecliptic which is called the poUt of 
A« eeliptie, whether it is in the sun or the earth. 
Therefore two ' small ' circles, each 23° 28' from the 
equator, are the boundaries of the sim's journey to the 
north and the south of the equator. They are called 
the tropica, which means the turning places of the sun ; 
the northern one is the tropic of Ganoer, which the sun 
touches at our midsummer, and the sonthem is called 
the tropic of Capricorn, wliich the sun reaches in our 
winter and the southern midsummer. The band 
between the tropics is the torrid none, the two arctic 
circles contain the frigid zones, and the spaces be- 
tween are the temperate zonen. They cover respectively 
'4,' 08, and '52 of the earth's surface, 
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But yon may ask why Bhonld the torrid zone be 
always hot, since the sun is 47° away from each tropic 
when he is at the other, while he is almost directly oTcr- 
head to parts of each temperate zone when he is at the 
tropic nearest to it. The reason is that places within 
the torrid zone get a greater quantity of sunshine nearly 
or quite direct in the whole year than any places can 
outside of it ; and the heat is accumulated, or as it were 
bottled up in the earth, and stays there after the sun 
has left that place or latitude. The heat received any- 
where depends on the directness of the sun's rays, or its 
apparent rerticality overhead ; for a square foot or a 
square mile of surface evidently catches more or less rays 
from a fire or the sun according as it faces them directly 
or is turned obliquely towards them. Moreover, when 
the sun's rays come from a low elevation above the 
horizon, they have to pass through a much great«r 
length of air than when they come nearly vertical. 
The air strips the rays of some of their heat, though 
not actually in proportion to the length of air passed 
through. Bvery place within the tropics has the sun 
directly over it not only once but twice a year, and has 
in fact two summers, one as the sun is going from the 
equator to the nearest tropic, and another as he returns 
over the same latitude towards the equator, where the 
two equinosies are the proper summers, the sun being 
then vertical there. In those regions therefore a 
quantity of heat is accumulated which no place be- 
yond the torrid zone can get. Still it is sometimes 
hotter in the low latitudes of the temperate zones than 
it is at other times within the torrid zone. More heat 
is gained in the long sunny days than radiates away 
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in their short nights, and the excess accxunnlates and 
makes July and Aagust hotter than June and May. 

The eqoinoctial points, where the planes of the 
equator and ecliptic cross each other, are of great im- 
portance in astronomy, because nearly all the celestial 
measures are reckoned from the point of the venial 
equinox, which is called the drst point of Aries •¥> ; the 
autumnal one being the first point of Libra Ji^. Aries 
and Libra are also the names of two clusters of stars or 
eonsteUaiions, which were imi^ined by the ancients to 
represent a ram and a pair of scales ; and they are still 
kept as the names of two of the divisions of the ecliptic 
into twelve parts called ai^ns of the zodiae, which are 
these: — Aries f, Taurus 8, Gemini n. Cancer es (of 
which the first point ia the summer solstice, from which 
the northern tropic is named), Leo Si, Virgo m, Libia 
Jt, Scorpio m, Sagittarius / , Capricorn v^ (where the 
vrinter solstice is), Aquarius sas, and Pisces K. But 
they are now seldom used in astronomical books. 
About 2200 years ago the sun used to enter the con- 
stellation Aries when he also entered the sign Aries, or 
the equinoctial point ; and in the earliest ages of astro- 
nomy the equinox was in Taurus, which fixes their date 
as not earlier than 3300 b.c. The connection of the 
vernal equinox with the constellation (not the sign) H 
and the star Alcyone, i] Tauri, is recognised by tradi- 
tions all over the world,* But now the sign op has left 
the constellation Aries, for the reason that you will 
see presently, and is in Pisces. 

As contr^ictory statements about the movement of 

the seasons in long periods have appeared in other 

* Bee Piud Smith cm the Gratt Pjmunid. 
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books, I add this figure, with some ezaggetation for 
diatinctuess, both of the eccentricity of the orbit and 
of the distance of perihelion F and aphelion A firom 
December 21 and June 21. As we are only concerned 
with the relative motions, it is better to represent the 
Bun O as going loond the earth E, and so appearing 
(ae he does) to enter <v in March and if^ in September. 
The bqh and the apsides F A both move in the direc- 
tion of the arrows at F A ; but the eq^uiuoxea go the 




other way among the stars, as marked by the arrows at 
cipand ^, 

Trade Winds. — The heat of the torrid zone and its 
Telocity of rotation produce these winds, which blow 
constantly in the same directions in the same lati- 
tudes on the great oceans ; though not so constantly 
on land, on account of Tariations in beat and other 
causes of disturbance. The heat expands the air and 
makes it rise from the equatorial regions ; and then the 
denser air from cooler latitudes comes in, and would 
make a constant north wind (in this hemisphere) if the 
earth were either stationary or cylindrical. For if the 
earth had no rotation the air would have no east or 
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west motion ; and if it were a cylinder all the ait would 
be carried round with it from west to east with the 
same Telocity, and would be no more felt as a wind than 
the air you carry with you in a railway carriage, though 
it moves as fast as a very high wind. But the earth's 
surface moves 1040 miles an hour at the equator, 600 
at latitude 30% 520 at latitude 60°, and at the poles 
itfi velocity from rotation sinks into nothing. 

Therefore while the air comes south (in our hemi- 
sphere) it is always coming to a place which moves faster 
eastwards than the place it came from ; and 30 the 
north wind becomes north-east ; just as a weathercock 
would point N.E. in a north wind if you carried one 
with yon running eaat. This is the principal trade- 
wind, blowing from N.E. in the northern hemisphere 
and from S.E. in the southern, up to about latitude 30°. 
Neat the equator its eastern character is lost, because 
there is no material increase of velocity in the earth as 
you get very near the equator. Also the north and 
south winds meet there, and make a calm: but the line 
of greatest heat and calm is a little north of the 
equator, partly from the cause stated at p. 5 5, and also 
because the much greater quantity of land in the 
northern hemisphere retains heat more than water 
which can move away, 

The air which rose from the equator must go some- 
where, and it goes in an upper current towards the 
poles, and begins to fall again when it gets cool, to fill 
up the space left by the air coming to the equator. And 
as that air from the equator started for the north with 
an eastward velocity of 1040 miles an hour, and comes 
down again on latitudes which move much slower, it 
is felt there as a 8.W. wind in this hemisphere, and 
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N.W. in the other. This secondary or anti4rade wind 
prevails from aboat 30° to 60° latitude at sea, and 
makes ships sail &om North America to England 
nearly twice as fast as from England to America. 

It is Btill a disputed question whether the great sea 
currents, such as the Gulf stream, eire produced in the 
same way, \>y the difference in weight of warm and cold 
water causing a flow of warm surface water from the 
equator towards the poles, and a return of the cold water 
underneath (which certainly tabes place, and with 
much greater constancy than the trade winds) ; or by 
the action of the prevailing winds upon the water, 
modified by its impact on the various shores which 
turn the currents aside.* The Gulf stream is said to 
be equivalent to a river of warm water 100 miles wide 
and 500 feet deep, flowing 4 miles an hour and con- 
veying as much heat from the torrid to the &igid zone 
as that zone receives from the sun in the whole year ; 
and the warmth of our climate compared with others of 
the same latitude is due to it. 

PRBCE88ION OF THE EQmNOSBg, AND LENGTH 
OF THE TEAB. 

I said at p. 40 that the earth goes round the sun, so 
as to see the same star again in a line with him, or in 
conjunction, in about 365^ mean solar days. The exact 
time is 365*2563 days (omitting further decimals), and 
that is called a sidereal year. But the important thing 
for all ordinary purposes is the year of seasons, called 
the tropical or eqmnodiai year : and that is a little 

* See ftlso Fnictor'a * Ligbt Bdenoe,' toU. i. and ii. for Kn aecodnt 
Of Om vxtaoraej. 
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Bhorter tbaD tbe sidereal, for this reason. The equinoc- 
tial points °p and ^ recede among the stars. If that 
imagiiiary line where the plane of the equator cuts the 
plane of the ecliptic points this year to any two giren 
stars in the east and west, next year it will point 50"'! 
behind them ; so that the sun will reach the spring 
eqninoz, or cross the equator from south to north, 
20m.206. before he comes again into conjunction with 
the same star as before. Consequently, if we reckoned 
by sidereal years, the seasons would get sensibly wrong 
in no very long time. This is called the preeeanon of 
the equinoxes, because it makes them precede their 
sidereal time. It was discoveied by Hipparchus about 
1 50 B.C. 

The length of the equinoctial or tropical year is now 
settled by astronomers — at least by the English ones, 
ia be 365*242216 mean solar days, or 365d. 5h. 48m. 
47^8. ; and the French measure is practically the same. 
It is reckoned from the time when a mean sun going 
at the average speed determined from the longest expe- 
rience would pass through the mean <¥> ; for that also 
has its variations, and the motion of 50"' i a year is not 
quite uniform in each year, as you will see pr^ently. 
Bat first let us try to realise what kind of motion the 
earth goes through to produce this effect. 

Get a common celestial globe, and set the axis of 
rotation upright, and consider the wooden horizon to 
represent the ecliptic or plane of the stin's orbit. 
Then the axis of the globe will be the poles of the 
ecliptic, though they are not so on the globe ; but we 
want the poles of the ecliptic as marked on the globe 
to represent the poles of the equator or of the earth for 
7 2 
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out present purpose. Now let our new north pole of 
the earth lean towards the north side of the room ; and 
yoQ may consider the san as going round the earth 
from right to left, or west to east through south. If 
there were no precession the pole would always point 
the same way, and the sun would always be among the 
Bfune stars at the same seasons. But the poles of the 
earth twist slowly round the poles of the ecliptic west- 
wards, or the opposite way to the sun, keeping about 
23^° from them, and going quite round in 25,S6S years. 
Turning our globe slowly round its upright axis from 
left to right, you will see the equinoctial points recede 
along the wooden ecliptic ; which makes the equi- 
noctial year those 20m. 20s. shorter than the sidereal. 

The pole star, or the equinoctial stars, of any epoch, 
are thus an index to it in the great cycle of precession. 
The pole star, or the only conspicuous star near the 
pole, for many centuries on each side of 3000 b.c. was 
that called a Draconis, which was within 3'^ of the 
pole somewhere about that time, and 3° 42' from it at 
2170 and 3340 B.C., and moved away &om that 
distance at the rate of about 20' in a century and is 
now 25° off. And, whatever theory may be founded 
on it, when that star was 3° 42' from the pole, at 
its lower transit every day it looked straight down the 
narrow entrance passage of the Gfreat Pyramid which 
goes from its northern face right down into the rock, 
about 120 yards long, and lies in the meridian, or north 
and south, with astonishing accuracy, having a devia- 
tion under 5', or about a foot in the whole width 
of the Pyramid, 761 feet Though that fact does not 
absolutely prove it to have been so built on purpose and 
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for that particTiIat nse, the greatest astronomers, from 
Newton downwards, have neyer donbted it. We are 
not concerned here with the inquiry which of those 
two dates iB most probable on other grounds, nor do 
the reasons for either appear to me conclusive. I 
only mention it as an illustration of what I said, that 
the position of the pole among the stars when some 
event happened is an index of its date within a few 
years, far more certain than any long subsequent 
history or tradition, or that hind of speculation on 
probabilities for which Egyptologists and raaiiy other 
people now are distinguished.* 

Though the precession of the equinoxes was dis- 
covered by Hipparchus, the cause of it was first made 
out by Newton to be the difference between the sun 
and moon's attraction on the nearer and on the farther 
parts of the equatorial protuberance round the earth, 
which is equivalent to a ring of matter laid round 
the globe. At all times except the equinoxes the 
nearer half of that ring is either mostly above the 
ecliptic and the ^uthet half mostly below it, or viee 
versa, and in either case that difference of attraction 
acts as follows. Let us take the time (our winter) 
when the half of the equator above the ecliptic is 
nearest to the sun. The sun's attraction being always 

■ I ttie the flgnres above &om varioas hooka, etpeciHlI; Hr. PUzsi 
Smith's great bouk ou the Pfmrnd, although it ia fall of the most 
Bmaziiig theorle*, which I anppoBe nobody else believeg in; and 
Hr. Proctor's papers on it in his 'Familiar Science BtndieH ' and in 
Knowledge ' ; whose figarea and calculations one ma; always safely 
trust, tbongh I do not at all ^ree with some of his oonclnraons and 
opinions outside of matbematios. I may tefei alM 1« a ten pages on the 
Pyramid in my ' Book on Building.' 
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more on the nearer half than on the earth's centre, 
and more on the centre than on the farther half of the 
equatorial ring, it is equivalent to a force which pulls 
the nearer half as it were with a string to the sun, and 
therefore a little downwards towards the ecliptic, and 
also pushes away the farther half as it were with a long 
stick, which also tends to push that npwiurds towards 
the ecliptic. Then why has not the eqiiator been long 
ago pulled into the plane of the ecliptic ? Because of 
the earth's lotatiou. Attraction acts on each particle 
separately, and for each particle the ring is merely an 
orbit in which it travels round the earth's centre, 
except that they must all move together. We must 
therefore couaider how each particle will behave under 
the two forces, one, of rotation with the earth, and this 
other force of the difTerence of attraction always urging 
it downwards or upwards towards the ecliptic. 

It will be easier to understand if we suppose the path 
of this particle round the earth (that is the equator) 
and the ecliptic, to be opened out into a flat picture thus, 



the ecliptic being the straight line, and op s =»= V! A 
the course a particle would take if there were no 
disturbance. Suppose a wind blowing down on the 
particle whUe travelling from (y> to upper 25, it will 
evidently depress its course a little into the lower 
curve ; and as it goes on from es towards =c= the wind 
will atill depress its course, and bring it down to the 
ecliptic at =»='. But though the new course lies within 
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the old one, it may still come down at iCt' at the same 
angle as it would haye done at =«=, only it reaches the 
ecliptic sooner, or =0= recedes. From =5=' through Y% the 
same kind of action takes place upwards ; for it is 
always towards the ecliptic ; and so instead of reaching 
the ecliptic at A, which represents the original op 
opened ont, nndistarbed by the force urging it to the 
ecliptic, the particle will reach the ecliptic at =10', or 
<^ has receded to ^V" ' ; but the inclination of the path, 
i.e., of the equator, to the ecliptic, has not been altered 
at the places where they cross each other, though the 
equator.is nearer the ecliptic at every moment than it 
would have been if there were no force tending to the 
ecliptic. For what happens to one particle of the 
equatorial ring happens to them all. This also may 
be shown by the instrument called the gyroscope, 
mentioned at p. 38. The wheel is set spinning in an 
oblique position, and a small weight is hung near the 
bottom of the axis, which woold pull the axis upright 
in a moment if the wheel were still; but when the 
wheel is spinning it makes this polar axis twist slowly 
backwards or opposite to the direction of rotation. 

For the purpose of explaining the cause of precession 
I have only mentioned yet the sun's attraction ; bat 
in fact the moon contributes to it in the same way, and 
even more ; for she also moves neiu'ly in the ecliptic, 
and attracts the front of the ring or the part which is 
nearest to her more than the middle, and the middle 
more than the back parts, which are farthest off. More- 
over, as the effect of the sun and moon on precession 
is all due to the difference of attraction on near and 
far parts of the earth's protuberance, the moon really 
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does more towards it than the sun, though her 
attraction upon the whole earth is very little compared 
with the sun's, who is 26,300,000 times heavier ; but 
then she is very much nearer ; and the difference 
between the back and front of the eturth ie a 30th of 
the moon's distance, bat not quite a 12,000th of the 
sun's, and their differential force is inversely as the 
cubes of their distances, which you must take for 
granted for the present. The result is, that giving the 
moon the benefit of her nearness, and the sun the 
benefit of his weight, the moon does above twice as 
much as the sun in producing the precession ; as we 
shall see afterwards that she also does in producing the 
tides by the same difference of attraction on the opposite 
sides of the earth. 

The lunar part of the precession varies, like the solar, 
according as the moon is near or far from the equi- 
noctial points ; and so it may be least when the solar 
precession is greatest ; or they may both be at their 
maximtim or minimum togetJLer. The 50"*! is the 
average or mean precession in a year. Sir G. Airy 
said, in his article on Precession in the English Cydo- 
pmdia, that all the stars may be imagined to advance 
the so" a year in circles parallel to the ecliptic, the 
equinox remaining fixed. 

Natation. — There la yet another irregularity in the 
Imiax precession. In consequence of the moon being 
sometimes a little above, and sometimes below the 
ecliptic, she does not pull quite on a level with the 
sun, and so produces a sort of nodding of the pole 
from its average motion in a circle round the pole of 
the ecliptic; and that ie called nutation. The poles 
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of the earth, or of the equator, go like a man walking 
between the rails loaud a race coarse, but with a wavy 
motion from one side to the other, instead of walking 
idong the middle. But the word ' nutation ' is used 
to comprehend all the Tariations of precession, both 
forwards and sideways. 9" '2 is the extent of the 
nutation on each side of the middle or arerage course 
of the pole, in its circle of 23° 28' radius round the pole 
of the ecliptic ; and the length of each wave, or rather 
half wave, from one croseiDg of the middle of the 
course to another, is 3' 10", corresponding to 9 ■ 3 years, 
or half the time of one revolution of the moon's nodes, 
or places where she crosses the ecliptic. You must 
nnderstand that this 3' 10" is not measured round the 
pole of the ecliptic as a centre (in which case it would 
be 9-2 X So"" 1}' """^^ as an arc of the great sphere of 
the heavens, with the earth's centre for its centre, as 
all the celestial measures are. 

The amount of the nutation, or distnrbance of the 
earth's axis by the moon when acting in a different 
direction &om the sun, is one of the means used for 
calculating her power of attraction, or mass, compared 
with the sun's. The protuberance of the earth disturbs 
the moon in return, as will be explained when we come 
to the greater oblateness of the planet Jupiter, which 
disturbs his moons still more. 

The late W. Hopkins, a celebrated Cambridge tutor 
from fifty to thirty years ago, estimated the thickness 
of the solid shell of the earth outside the fluid interior 
to be at least 800 miles, because otherwise precession 
would be greater than it Is, as the shell would slide 
freely over the fluid, without having to twist the 
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whole earth with it. But a difietent theory now pre- 
rails, Knd there seems good reason for thinking that 
the solid shell is very thin, not more than 25 miles 
thick, and then a fluid or viscoos mass of unknown 
thickness, probably not very great, and then a large 
interior globe squeezed into solidity by the enormous 
presuie notwithstanding the heat which otherwise would 
keep it fluid. The fluid is thought to be too viscous 
for the outside shell to slide over it, especially as 
that probably has protuberances or roots inwards cor- 
responding to the elevation of the mountains outwards, 
both having come &om the crashing together of the 
shell after it became solid, under the shrinking of the 
interior. Mr. Fisher (in his book on the earth's crust) 
calculates that crushing force at 830,200 tons per 
square foot, or the weight of a column of rock 2000 
miles high. It is not connected with astronomy 
beyond the precessional eflect just mentioned. Those 
roots of the mountains however seem to be proved, by 
the test of local attraction of a plumb-line, to be less - 
dense than the fluid which lies under plains and seas ; 
which goea to confirm this theory, as icebergs are 
lighter than the sea they float in. If the earth were 
not hot within, all subterraneous water and all the bot- 
tom of the sea would he iiozea, and the earth itself 
below a very little depth. 

Not only do the points of crossing of the equator and 
ecliptic recede 50" a year along the ecliptic, but the 
obliquity 0/ the ecliptio itself, or its inclination to the 
equator, decreases about half a second a year, and will 
go on decreasing until it has got nearly down to 22" 
from the present 23^°, when it will increase again. It 
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was 23° 51' in 230 B.C. The reason is that the whole 
ecliptic or plane of the earth's orbit is slowly tUted by 
the attractions of the other planets. Moreover, as it 
neither turns on the line of equinoxes, aa a hinge ot 
axis through the sun, nor directly across it, it makes 
the annual precession a little less than it would be 
otherwise, and also lets it increase a very little, so that 
the tropical or equinoctical year is 12 seconds shorter 
than it was 2000 years ago, though the absolute time 
of the earth's revolution round the sun, ot the sidereal 
year, has not altered. 

Sidereal and Solar Says- — We must now consider 
the different measures of a day. And first we may re- 
mark that the day of astronomers begins at the noon 
after the midnight when our common day begins, and 
has no a.m. or p.m., but simply 24 hours. Thus 1 1 a.m., 
I January 1882, was 23 o'clock 31 December i88r, in 
astronomical almanacs. But there is also a time called 
sidereal, which is still more dififerent. The sidereal 
day here begins and ends when tbe equinoctial point op 
crosses the meridian of Greenwich. If the sun is on 
the meridian at the same time (as he is only at the 
vernal equinox) he will not have quite got there again 
by the time op ig there again, or at the end of that 
sidereal day ; because the earth has meanwhile moved 
on a day's joaruey in her orbit and passed the sun a 
little, and so has to turn a little more than quite round 
for Greenwich to face the sun again, since she rotates 
in the same direction as she revolves round the sun, 
from west to east, like a smaU wheel of 8 teeth rolling 
round a very large one of 2922. For that small wheel 
would torn 365^ times relatively to the large one in 
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one reToIution round it, but 366J times absolutely ; 
which would be the way to represent the earth's two 
motions in an orrery — neglecting the obliquity of Ae 
ecliptic, which would require oblique teeth in the 
great wheel. So there is one more sidereal than solar 
days in a year. More exactly, a sidereal day is ■99727 
of amean solar day, or 3(solar)m. SS'iis. shorter; or 
a solar day is l'002738 of a sidereal one; and the 
hours and miuutes are in the same ratio. The mean 
solar seconds in a sidereal day are 86i64"09o6." 

A sidereal day then is practically the time of one 
absolute revolution of the earth, or the time between 
two transits of the same star. For the precession of 
the equinoxes makes no sensible difference in a day, 
and it is practically the same thing whether we call a 
sidereal day the time between two transits of '^ or two 
transits of the same star. Not only is the daily pre- 
cession 366 times less than the annual, but the motion 
of <v through So"'i only makes a difference of 3J 
seconds in the time of the clock, or in the arrival 
of iY> at the meridian at the end of a year, though it 
makes 20m. 20s. difference in the time of the sun (or 
earth) reaching ff> again. There is however a little 
inconsistency in the use of the word ' sidereal ' for days 
and years ; for a sidereal year measured by the stars 
is contrasted with an equinoctial year measured from 
ep, while a sidereal day is measured from qo and not the 
stars, and contrasted with a solar day. The sidereal day 
never begins at 12 o'clock, except at noon on the 21st 
of March, and at midnight on the 23rd of September. 
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Equation of time — We have yet to inquire what 
a solar day really is. I called the equinoctial year 
365-242216 wiettwBolar days. A true sun dial solar day 
is the time between two transits of the sun over the 
meridian. But such days are by no means of equal 
length, and so far different, that in NoTembet the true 
Bolar time is a quarter of an hour before mean time 
(which is clock time), and in February a quarter of an 
boor behind it. That is the reason why the afternoon 
light appears to last 30 much longer and the aun to rise 
so much later, after Christmas than at the correspond- 
ing time before Christmas. The causes of the inequal- 
ity of solar days are the unequal velocity of the sun in 
his elliptical (apparent) orbit, and still more, the un- 
equal motion of the sun in the direction parallel to 
the equator, in consequence of the obliquity of the 
ecliptic to the equator. The mean solar day then is 
the average of all these variable solar days. And the 
equation of time is the difference between the time of 
day by the clock of mean time and the time by the sun 
dial It is the column headed in the almanacs ' Clock 
before sun,' or ' Clock after sun.' It is practically the 
same every fourth year, like the time of sunrise and 
sunset, and would be quite the same if the year were 
exactly 365^ days, as leap year would restore it then 
exactly. I shall say more about this under the 
Calendar in the chapter on the moon. 
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CHAPTER n. 



In coneideting 'the solar system,' which means the 
' sun and all the planets and their moons oi satellites, 
it is important to get a clear idea of the size and 
weight of the Bun, as it is his attraction that keeps 
them all in order, moving in their proper times and 
distances, besides his other equally important business 
of sending light and heat to them — if they all have in- 
habitants to use it. According to the latest estimate 
of dimensions of all the solar system (of which I have 
spoken already and shall have to say more presently) 
the sun's diameter is 857,700 miles, or ioS'23 times 
the earth's equatorial diameter, bat ioS'32 of the 
diameter of a sphere of equal bulk. Bat that gives 
you no idea that he is above a million and a quarter 
times as big as the earth ; which he is. If you take 
two bricks and lay them lengthwise, and then put two 
more alongside, and then put four more on the top of 
those four, you will have made a thing of the same 
shape as a brick, but twice as long, twice as broad and 
twice as high, and therefore eight times as big alto- 
gether ; if you treated three bricks in the same way 
you would make one twenty-seven times as big. And 
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the sFune is true whatever the shape is ; for a body of 
any shape may be made up of &n infinite number of 
infinitely small cubes ; and if each of them is doubled 
or trebled in every dimension, the body will be doubled 
or trebled in every dimension, and will therefore be 
increased eightfold or twenty-sevenfold in bulk. This 
is expressed by saying that the bult, or volume, or 
solid content, and (if the densities are equal) the mass, 
varies as the cube of the diameter. Therefore the sun 
is io8'32' or 1,271^470 times as large as the earth. 

The sun's distance from the earth varies from 
90,436,000 to 93,564,000 miles. The mean between 
the greatest and least is called the mean distance ; and 
that is now considered to be 92,000,000 miles, though 
you will find it in older books called 95 millions, 
because it was believed to be so until lately. The dis- 
tance, is also 23,213 times the earth's equatorial radins, 
and- is certainly 108'25 times the sun's diameter, 
whether that and the distance are yet correctly mea- 
sured or not. (The agreement of this figure with the 
proportion of the sun's diameter to the earth's is one 
of those, remarkable coincidences, of which we shall 
meet with several, which are quite accidental, though 
80 close as to suggest the erroneous idea that there 
must be some physical reason for them.) For the 
sun's apparent diameter can be measnred easily by 
mere observation of the angle between the rays of 
light or two straight lines coming irom his opposite 
sides to a telescope; and that angle (see p. 9) is 
simply his diameter divided by his distance, whether 
they be as great as we know them to be or as small 
as the ancients fancied. The real difficulty is in 
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measnring the proportion of the earth's diameter either 
to the diameter or the distance of the sun. We shall 

see afterwards how that is done. 

Ae nearly all distances in the solar system are 
DieaBured by millions, and nobody ever counted a 
million of anything, it is worth while to stop a little 
to understand what it is, by the help of a few speci- 
mens. A million day» are 2730 years ; so there hare 
been not much more than two million days since the 
creation of Adam, according to the Hebrew chronology, 
and rather more than one million since the time of 
Solomon. A railway train going thirty miles an hour 
and never stopping would take nearly four years to go 
a million miles, and eleven years to go once round the 
euD, and three hundred and sixty years to go from here 
to the sun. A cannon ball, or the sound of it, which 
goes about the same pace, 11 30 feet in a second, would 
take nearly 15 years to reach the sun, supposing the 
ball to go on with its initial velocity. If you had a 
million shillings to count one by one, and did it as fust 
as you could for ten honra a day, it would take a fort- 
night ; and the million shillings would weigh nearly six 
tons, and would reach nearly 15 miles if laid in a row. 
A million is a thousand thousands, a milliard a thou- 
sand millions, and a billion is a million millions ; a 
trillion is a million billions, and so on. A million 
shillings laid as close as possible would cover 2160 
square yards, or the floor of some of the lai^est parish 
churches, or half that of St. Alban's cathedral. But 
a billion shillings would cover 700 square miles (very 
nearly) or a plain 26^^ miles square, or the whole county 
of Berks, or considerably more than Hertfordshire. 
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The sun'a enormons size will be better appiebended 
from tbe fact that he la 6 times larger than a globe 
which would contain the moon's orbit, his radius being 
nearly twice the radius of that orbit. And yet three of 
the half a dozen stars which alone astronomers have 
been able to measure, or rather to weigh (as you will 
see hereafter), are much larger. He is quite round, 
not spheroidal like the earth, because he rotates 
too slowly for centrifugal force to produce any sensible 
oblateness. 

Although tbe sun is above a million times as big as 
the earth, he is only 322,700 times as heavy, and is 
consequently made of much lighter materials. Or more 
probably we do not see the real sun at all, but only his 
luminous envelope, which is much larger than the 
sun himself. Since the attraction of a globe on any 
part of itself varies as the radius up to that point (p. 35), 
it seems very unlikely that the density of the real 
solid sun is less than the earth's. Measuring by his 
apparent size, his density or specific gravity is only -254 
of the earth's, or not much greater than water, and 
rather less than if he were made of coal. You mnst 
not suppose that we can measure the sun's density 
except trough his size and his weight, which has to 
be calculated &om his effect upon the earth's motion, as 
I shall show you towards the end of the book. The 
density of anything is in direct proportion to its weight 
and in inverse proportion to its bulk ; and as we can 
calculate that the sun is only a quarter as heavy as he 
ought to be according to his size in proportion to the 
earth, we know that his average density is only a 
quarter of the earth's ; though his inside density is pro- 
a 
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bably mucli greater than that of the inside of the earth, 
as the compression mngt be. The way to find the density 
or specific gravity of anything heavier than water, which 
is always taken for the unit, is to weigh it first out of 
the water and then hanging in the water by a string 
as thin as possible, and the specific gravity is the 
weight in air divided by the difference of the two 
weights. 

In the table at the end of the book I have given the 
specific gravities of the sun and planets, assuming the 
earth's tohe5'5, which is the greatest of them all except 
Mercury, and very much greater than all but Mercury 
and Venus, Saturn is as light as deal and the light 
woods (not cork, as Sir J. Herschel said, for that is only 
'24) ; and the other three great planets and the sun 
are about the same as the very heavy woods and coal. 
But we shall see that there is reason to doubt whether 
we see the real bodies of Jupiter and Saturn, and not 
merely a dense envelope of clouds, as of the sun. Mars 
and the moon are about as heavy as diamonds and 
heavier than stones, which are generally 27, but 
much lighter (as the earth is too) than any of the 
common metals except aluminium, which is only 
2-25, or the same as glass. All these densities, re- 
member, are only measured through the earth's, 
which depends on the experiments described in the 
first chapter. 

From the diameter and mass of the sun, compared 
with those of the earth, we can calculate their com- 
parative attractions and the force of gravity at their 
surfaces. For by the law of gravitation, that is directly 
as the mass and inversely as the square of the distance 



:,q,t,=cdbvGoOgle 



Dimensions of the Solar Si/stem. 83 

from the centre. Therefore, since the sun's radius is 
ro8-32 times the earth's, 

gravity on the sun's surface 322700 
gravity on the earth's surface" 108-32 ~ ' S 1 
or a man on the sun would feel as heavy as if he had 
nearly 27 others laid upon him, and would be squeezed 
flat by his own weight. 

Dimensions and Masses of the Solar System.— The 
proportionate dimensions of the solar system beyond 
the moon, i.e. the distances, diameters, bulks, and masses 
of the Bun and planets and their moons, are compara- 
tively easy to discover, while the absolute dimensions 
are very difficult. The mode of finding the propor- 
tionate distances belongs to a later part of the book. 
The diameters follow immediately from the distances, 
because the apparent diameter, or the angle between 
two rays of light coming from opposite edges of a 
planet to a telescope, is simply the real diameter 
divided by the distance, and that angle can be measured 
easily. The bulks are -5236 (or JT) x diameter*, allow- 
ingforthespheroidicityifany (p. 19}. The masses also 
depend on the cubes of the distances for another reason. 
It is a necessary result of the law of gravity, as we shall 
prove afterwards, that the mass of a sun 01 planet = 
4 w^ (or 39'48) x the distance* of any body revolving 
round it -7- the (time of revolution)'. Therefore, as 
between any two planets, the cubes of their distances 
must be in the same proportion as the squares of their 
periods ; and so the proportionate distances of them all 
are known, even without the trouble of observing any- 
thing more than their periods; though the propor- 
a2 
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tionate distances had been fonnd before tliia law was 
discovered by Kepler as a matter of obaervation, and 
afterwards proved to be necessary by Newton in the 
form just now stated. And that enables us to go a step 
farther, and to lay down the proportionate weights of 
the sun and of all the planets which have moons. 
FoT you will easily see that it follows that the mass of 
Jupiter is to that of the sun aa the distance' of any 
moon of Jupiter ~- its period' is to our distance' from 
the sun ■— onr year" (of course reckoning both periods in 
days, or in hours) ; and as those distances are ptopor- 
tionately known, and the periods, we have at once the 
proportion between the mass of Jupiter and the sun. 
The proportionate masses of the planets without moons 
are determined by a much more complicated calcu- 
lation from their disturbances of each other and of 
comets passing near them, at distances which are 
observable in proportion to all the other distances, 
though not absolutely. 

The moment we can find one real distance or dia- 
meter therefore, we get the scale for measuring the 
whole solar system. Our moon is so near that we can 
find its elements separately, but also too near to enable 
us to determine the greater distances of the snn and 
planets by it — at least not so accurately as by some 
other methods. For about a century, until nearly 30 
years ago, the sun's mean distance, which is the 
standard for them all, was considered to be 95 million 
miles ; and so it still stands, in all the late editions of 
Herschel's ' Outlines of Astronotay,' uncorrected, save 
by a note at the end intimating that that is probably 
nearly 4 miUions too much. We shall see afterwards 
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that this ezcess was first suspected by Hansea from a 
Tery gmall disturbance of the moon not quite agreeing 
with the calculation founded on the larger sun's 
distance. That suspicion was soon after confirmed by 
some experiments on the velocity of light, which is now 
fonnd to be about 184,320 miles per second, whereas 
it ought to have been 192,000 according to the sup- 
posed distances of the sun of Jupiter ; for the eclipses 
of Jupiter's moons come 161^ minutes sooner when he 
is nearest to us than when he is farthest off; in other 
words, light takes that time to travel over the diameter 
of the earth's orbit. And then came some observations 
of Mars, which will be described afterwards, and some 
other things, all tending to the same conclusion ; and 
so, about the year 1864, astronomers came to adopt 
91400,000 as the Bun's distance, or about a 24th less 
than before. But that has been increased again 
since the transit of Venus in 1874 to a little over 
92,000,000, which we may as well use, as the excess is 
still uncertain. 

Since l^e cubes of the distances of all the bodies 
(the periods being fixed) most vary with the mass of 
the ' primary ' round which they go, it followed that 
when the distances were reduced a 33rd, the masses 
had to be reduced nearly an i itb ; as you may see if you 
compare 33* and 32^ ; or more shortly by the approxi- 
mate rule in the note at p. 33. And the diameters of 
the sun and planets must vary as their distances, as 
I said just now, and the bulk as the cube of the dis- 
tances, like the masses, though for a different reason. 
So we may say shortly, that the discovery of the error 
in the sun's distance derived from the transit of Venus 
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in 1769 reduced all the linear dimensi<Hi8 of the solar 
KjtAem a 33d, and the Tolmne and the weight of all 
the mcanben (beyond the moon) nearly an i ith. 

Here I stop for a moment to lema^ how mach 
better the old, and the mathematical, habit of nsing 
vnlgar fractions in small figures is than the modem 
Tnlgar habit o! per-eenting ererything. It is very easy 
to remember, when you have once learnt it (which few 
people seem to do), that a reductitm of a 33d cor- 
responds to an increase of a 32d, a reduction of one- 
third to an increase of one-half, and so on ; or that any 
two nnmbers, such as 2 and 3, which differ by one half 
of the smaller nmnbei differ by one third of the larger. 
But no such rule can be expressed in decimals. 
Some people nowadays will not even talk of half or two - 
thirds of anything, but of ' 50 per cent^' and ' 66 and 
two-thirds per cent. ;' and sometimes they talk of a 
thing costing 100 per cent. Zess, as if it were the con- 
Terse of costing 100 per cent, more, instead of being 
nonsense ; for ^ey do not mean that it costs nothing, 
but half as much. If they would condescend to use 
vulgar fractions whenever they can be expressed in 
small figures, and especially when the numerator is 1, 
they would save a great many words and make fewer 
mistakes. In some cases decimals are best. 

I should tell you however, that astronomers do not 
speak of the sun's distance in miles: they always 
describe it by what they call his paraliasB ; of which 
it is enough to say at present that it is the earth's ap- 
parent equatorial radius, 3963*3 miles (not diameter, 
remember), as it would be seen from the sun's centre ; 
01 it is the earth's radius divided by the sun's distance, 
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which you may easily calculate, from the figures given, 
is -0000043, or I -^ 23213, aa given at p. y^ ; and by 
the rule for the numerical value of angles at p. 9 you 
will find that that represents the angle 8"*88, which ia 
a very little more than the received parallax of 8"-8s. 
The old parallax deduced from the transit of Venus of 
1769 was ^"'$7, and that of 1864 waa 8"-94, which has 
been ^ain reduced as I said. I shall give some account 
afterwards of the various methods for ascertaining the 
parallax of the sun, and moon, and planets, and also of 
the very few stars within a measurable distance, in- 
cluding the not very satisfactory results of the transit 
of Venus observations of 8 Dec, 1874. Every o"'oi 
less of parallax means 103,600 miles more of distance. 
Azimuth of Sun aad Moon,— Many people suppose 
that the sun and moon ore due east and west 6 hours 
from their culmination on the meridian, i.e. at 6 
o'clock always for the sun in the summer half-year, 
and at variable times for the moon according to her 
position. But in fact they never are, except on the 
days when they cross the equator ; that is at the 
equinoxes, for tiie sun. We will confine ourselves to 
the sun for simplicity, and because his place is much 
more noticed than the moon's except by astronomers. 
At midsummer in this latitude (say 52°), so far from 
the sun being east and west at 6 o'clock, he is so at 7-20 
A.M. and 4.40 P.M. ; and at 6.48 a.m. anS^ 5.12 p.m. on 
May I and August 8. Farther south the deviation 
is still greater : in the latitude of Bome the sun is due 
east at S a.m. at midsummer, though he does not rise 
till 4, which is rather later than he rises here. He 
not only rises and sets farther north at any given place 
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as the days lengthen, but is £arthei north besides at 
any given time from noon. This can only be cal- 
calat«d by spherical trigonometry, bnt yon can find 
the sun or moon's horizontal distance firom E. and W. 
(which is called their azimuth) at any time, or their 
time of being there, by a terrestrial globe as follows : — 
Elevate the globe for this latitude, Le. set the pole 
52° above the horizon. The brazen meridian is gene- 
rally graduated &om the pole in one direction and from 
the equator in the other. The sun or moon's deeUnation 
is like terrestrial latitude, reckoned from the equator 
northward, and is given for them both daily in Wbita- 
ker's almanac. Mark any spot on the globe, at the 
proper distance from the equator for the declination, 
and lay that against the meridian, and turn the hour 
circle to XII. To find the time of the sun being doe 
east, lay a long strip of stiff paper or thin brass over 
the globe from E. to W. of the horizon and throagh 
the nenith (38° from the pole, as the equator is 38° firom 
the horizon). Bring the sun to that vertical great 
circle (which is called the prime vertical when it goes 
through E, and W.). The number of the hour circle 
then on the meridian is the hour from noon at which 
the sun is E. or W. Or conversely, if yon want his 
azimuth at any hoar, turn the glohe and hour circle 
BO much from the meridian, and keep it steady there 
while you put the vertical great circle through the 
zenith and the sun, and see where it cuts the horizon, 
which is graduated &om E. and W., and that is the 
gun's azimuth. If your great circle is graduated, you 
will also see at once the altitude above the horizon. 
Many globes have a loose quadiant of brass so gra- 
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dnated, and capable of being screwed to the meridian 
at the zenith, so as to turn on a pivot azimuthally, i.e. 
every point in it .moving parallel to the horizon. 

Snn Spots. — Sir W. Herschel's theory is stUI ac- 
cepted, that the real sun is a smaller body inside the 
luminous shell which we see, and which is called the 
photosphere, or light-giving sphere of the sun. The 
spots which sometimes appear are holes in the photo- 
sphere, but whether they reach to the bottom of it is by 
no means certain. Their depth has been estimated at 
30,000 miles ; and they have enabled us to measure 
the time of the sun's absolute or sidereal rotation on 
his own axis, in 25d. yh. 48m., and to see that it leans 
7° 20' from a line perpendicular to the ecliptic ; and 
such a line as that, through any body in the solar 
system, is called for it the ' poles of the ecliptic' There- 
fore the sun's equator is inclined 7° 20' to the ecliptic ; 
which means that that is the angle between them. 
The sun's north pole leans most towards the earth on 
September 13, and his south pole on March 11. There- 
fore spots move apparently in straight but oblique lines 
across his face for about the first three weeks of June and 
December, but at other times in very fiat semi-ellipsea. 
Nevertheless they do not travel with the sun aa if they 
were fixtures, but sometimes faster than that, especially 
when near the equator ; and in latitudes above 10° the 
spots go slower than if they were attached to the sun : 
80 that the rate of rotation cannot safely be inferred 
fix)m only a few spots ; as they are temporary things. 

Some sun spot^ are nearly 50,000 miles wide, and 
are quite visible without telescopes when the sun is 
dimmed by a fog. Tou may wonder how we can say 

c,q,t,=cdbvGoogle 



90 * Sun Spots and Financial Panics' 

that they are holes in the photosphere rather than 
dark clouds or patches upon it. If you look at a church 
with deep windows, the ' splays ' or jamhs of the 
windows which directly face you look equally wide on 
hoth sides ; hut the jambs of the windows which yon 
see obliquely look wider on the far side than the near. 
And the spots on the sun have sides, less dark than the 
spots themselves, which appear of equal width while 
the spot is about the middle of the sun, but wider on 
the far side and narrower on the near when the spot 
is away from the middle. These varying sides then 
are almost certainly the jambs or sloping sides of the 
spots, which are deep holes in the photosphere. But 
they are not permanent holes like the volcano craters 
in the moon ; for in some years there are none. 
They have a maximum and minimum, at about 
every 1 1 years on the average of long periods. But 
the deviations from it are so large that it is not of the 
smallest use for prediction, and much less for the 
science of ' sun-spot astrology,' as Lord Crawford (then 
Lindsay, P.R.A.S,) happily called it, in a published 
letter in answer to one of the periodical advertisements 
of a certain set of gentlemen who want to be main- 
tained at the public expense in the amusement of 
what they call ' Kesearch,' looking after ' Sun spots and 
Financi^ Panics ' " and the like ; as if the sun would 
hide his spots from people not ' endowed ' for looking 
after them, and aa if every fact of that kind were not 

* See Mr. Proctor's amoaiDg eipoaore of tliU theoi; in hia paper 
with that title in his * PamiliBf Science Studias.' Another writer calls 
it ' SnoBpotlery.' The noather prophecies, which cost the nation 
£14,000 a year, ue do better, boing ofiener mmag than right. 
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observed and recorded by plenty of observers, public 
and private, already. It may be worth while to men- 
tion that irom such observations, which have been 
made for mueh more than two centuriea, it is known that 
the perversity of solar eruption has been such as to make 
the intervals between successive maxima vary from 7J 
to 16 years ; without relying on an alleged one of 
36 years long ago, which may be due to carelessness 
of observation or recording in those days. Nor, it 
seems, is there much more certainty in the propo- 
sition that they decrease as they come opposite to 
Venus, and to Jupiter in a less degree, though the 
earth does not affect them. It is more certain that 
sun spots produce magnetic distnrbances on the earth, 
and outbreaks of aurora borealis, which is an elec- 
trical phenomenon of some kind. They are mostly con- 
fined to two zones from about 10° to 30° of latitude, 
answering to the region of our trade winds. 

The sun is said to hare been occasionally so 
much covered with spots as to diminish its light and 
heat sensibly. But Professor Langl^y has found that 
the radiation of heat from a spot is hardly a thousandth 
pMt less than from the bright surface. And Mr. Ban- 
yard, that the solar ' prominences ' (of which I will speak 
presently) are strongest when the sun is spotty ;• both 
which facts seem to contradict the previous statement. 
They are generally accompanied with signs of great 
disturbance, and bright patches or clouds called /oijuZjb 
are often seen on the left side of the spots, as if they 
had been blown out of the spot and left behind in the 
rotation ; and changes take place visibly even during 
• -B-A-a Notioen,' Not. 1876. 
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the time of observation. But occasionally the faeulse 
are on the right side, or in advance of the spot. 

The sun is easily proved to have an atmosphere, by 
the fact that it gives less light near the edges than 
irom the middle, which a naked self-illuminated globe 
does not ; for although you see the edges more obliquely 
and therefore less brightly, more surface is included 
within any given angle of vision, and the loss of light 
in one way balances the gain in the other. A single 
spot of 50,000 miles diameter darkens a 2goth of the 
blight surface, and the effect of this on the heat has 
to be calculated as at p. 51. But if the globe is sur- 
rounded by an atmosphere which stops some of the 
light, the rays from near the edges of the globe to any 
distant point will evidently pass obliquely through 
more atmosphere than those which go out vertically 
from the middle of the surface. And the thinner the 
atmosphere is the greater is the difference of the 
length passed through at the middle and the edges, 
which at first looks paradoxical, but you will see it is 
true if you draw figures of a thick and thin atmo- 
sphere, and rays going through it. A great deal of 
what used to be included in the term atmosphere is 
now otherwise designated, as we shall see presently. 

Spectroscopy. — All the knowledge that we have of 
'solar physics,' or of the composition of the sun, beyond 
the mere behaviour of spots and the existence of 
certain bright surroundings of the sun in total eclipses, 
is due to the great discovery of spectrum anatysU, 
which it is therefore necessary to explain. 

WoUaston in 1802, and Fraunbofer more completely 
after him, ascertained that the spectrum or band of 
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rainbow coloura into which a glaas priam spreads or 
' disperses ' a ray of sunlight is crossed all over by a 
multitude of narrow dark lines which always occupy the 
same positions among the colours. Either Professor 
Stokes or Kirchhofif first discovered that each of them 
belongs to the vapour of some metal or other substance 
which is burnt in or before a still brighter light. 
But if there is no brighter light behind it to produce 
that contrast, the vapours themselves produce each its 
own line, which then appears bright with a colour of its 
own. So if we could see the full moon in front of the 
sun she would appear dark by contrast, though she 
looks bright by night with only the 700,000th part of 
the brightness of the sun. In short, the spectrum of a 
burning gas through a prism is not a rainbow band, 
but only one or more distinct lines, which appear either 
bright or dark according as there b a darker or a 
brighter light behind them. 

This being established, you see at once that it affords 
the means of judging of the nature of any source of 
light, however distant, i.e. whether it is a simple incan- 
descent gas, and of what kind ; for then its spectrum 
will be its own line or lines, which can always be iden- 
tified by colour and position ; or there may be several 
gases together ; or we can tell if the general source is 
not gaseous, but ha^ only vapours mixed with it or in 
&ont of it. The spectroscope is a series of prisms 
designed to spread the light more than one will, and so 
to make the lines more visible, for each line is not 
weakened as the whole spectrum is by diffusion. 

The first fruit of this great discovery was the further 
one that the sun's light passes through the vapours of 
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many of the common substances of the earth, proTUig 
that they exist there, and that the heat is enough to 
vaporise even such things as iion, which requires almost 
the greatest heat we can command to melt it. The 
next question is, where are these vapours ? So many 
names have been given by different philsophers to the 
various envelopes of the sun, that it is difficult to avoid 
oonfnsion, and to know whether photosphere, atmo- 
sphere, chromosphere, leucosphere, sierra, corona, all 
mean different things and what. The following is the 
best summary that I can give of the present state of 
the discoveries and theories on this matter, referring 
for further information to Mr. Proctor's book on the 
sun, and his ' Light Science,' vol. ii., ' On the Sun's 
true Atmosphere,' and to Newcomh's ' Astronomy,' and 
•Young on the Sun.' Nothing yet has tended to 
confirm Mr, Lockyer's imagined spectroscopic dis- 
covery that all, or any two, of the 63 elements of 
matter are ultimately identical. 

The ' photosphere ' then, by universal concurrence, is 
the general light-giving or usually visible surface of the 
sun, which is also generally agreed to consist of what 
are called ' clouds,' though they are not composed of 
water like our clouds. This is the body in which the 
spots are formed as holes, and which is compared by 
Mr. Nasmyth, of steam-hammer fame, to willow leaves 
thrown together promiscuously and overlapping in 
every direction, and sometimes forming a bridge over 
the middle of a spot. Others have likened it to ' rice- 
grains,' and others call the granulations ' pores ;' Sir W. 
Herschel called them ' nodules ;' all evidently express- 
ing the same idea of clouds. But what those clouds are 
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made of nobody has yet any idea worth stating as a 
probable conjecture. 

Ontside the photoBphete cornea the atmosphere ; which 
used to be described as 70,000 miles high ; and there 
certainly is Tisible matter, and gaseous matter too, as 
high as that above the sun. But Mr. Proctor ex- 
pressed the doubt whether any genuine atmosphere of 
quiesnent gases could be allowed by the sun's great 
attraction to reach anything like that height. And a 
discovery has been since made by Professor Young, of 
America, which justifies that doubt, and has reduced 
the atmosphere proper to something like 300 miles. 
That is too small a width for any telescope to dis- 
tinguish at the distance of 92 million miles, because 
no telescope represents two points so separated at that 
distance by points, but by small discs which overlap 
each other. The larger and better the telescope the 
smaller the discs are, but they cannot be reduced to 
points by any means yet known. But for about 2 
seconds before and after the beginning and end of a 
total eclipse of the sun, when all genuine sun light is 
shut off by the moon, a telescope with a spectroscope 
attached to it displays a series of coloured lines, 
making up together the usual colours, but all in 
separate lines like coloured threads. 

The usual rainbow spectrum of the sun is gone, 
because the sun is hidden ; but there is some collec- 
tion of gases just outside it producing their own 
coloured lines as a spectrum for just so long as this 
body of gases occupies the telescope with the spectro- 
scopic end to it, i.e. for the very short time that the 
moon's edge takes to traverse iiiis atmosphere. The 
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BhoTtoess of the time showB that this hody of gaaea is 
very thin, or reaches a very little height above the 
photosphere — in fact not much more than 300 miles, 
which corresponds to nearly 3 miles round the earth. 
This then is the tme atmosphere, and these same lines 
are really Fraunhofer's dark lines in the common solar 
spectrum ; and the vaiions metals and other things 
whose vapours produce them must be somewhere on 
the sun. There is no ground whatever for the guess 
which was once made, that the body of the sun may 
be cool, though something outside it is in a state of 
the most tremendous heat. It is altogether impossible, 
and nobody believes it now. 

Next to the atmosphere comes that which has been 
called ' leucosphere,' though it is neither white nor 
spherical — * chromosphere ' (or more properly chroma- 
tosphere), though it has little or no variety of colours, 
which both the atmosphere and photosphere have — and 
much more appropriately ' sierra ' (Spanish for a saw) 
because it appears serrated, as a number of cones or 
flames all round the sun would do. These flames when 
seen in an eclipse are red, and among them there are 
always some ' prominences ' or eruptions so much higher 
than the others aa to reach 100,000 miles high and 
sometimes more, while the general average is about 
5000. The spectroscope reveals that this is composed 
chiefly but not solely of hydrogen, for sometimes other 
elements show their own bright lines also. In June 
18^2 during a time of unusual heat several persons 
observed that the sun's light had not its usual aspect, 
and an Italian observer found 'the chromatosphere 
completely invaded with the vapoor of magnesium ' 
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all round the sun. Sodium lines also appear. But 
this differs irom the atmosphere in heing in a state of 
violent commotion, and the ' prominences ' especially 
are proved to be projected through that dense atmos- 
phere by some riolent lepulsire force with a velocity 
greater than a solid body would acquire in mnning 
from an infinite distance into the sun by his attraction. 
Dr. Draper's discovery of oxygen also in the sun is now 
generally received. 

Then there is the eorona, or that radtatioD fully a 
million miles high, like what painters call a ' glory,' 
round the snn, which is visible only in an eclipse ; for 
all attempts to make any of these envelopes directly 
visible by artificial eclipses of the sun fail by reason of 
the di£fusion of his light by our atmosphere. But the 
spectroscope has been able to grapple with this difficulty 
also, and to show these envelopes indirectly by their 
representative lines without an eclipse, by diffusing 
and therefore weakening the general spectrum irom the 
edge of the sun, as before mentioned, which diffusion the 
'lines' do not suffer. The first suggestor of this 
process was Mr. Muggins, the author of other spectro- 
scopic discoveries; but the first who actually used 
spectroscopes powerful enough to give the eipected 
result were Mr. Lockyer here and M. Jannseu in 
France, whose successes were announced on the very 
same day. All that appears however to be yet con- 
clusively settled about the nature of the corona ia that 
it is certtunly on appendage of the sun, and in no way 
due to the moon, or to the earth's atmosphere, as 
Mr. Lockyer and others for some time maintained. 

The spectroscopic results do not seem to be accor- 
dant, sometimes giving a continuous rainbow spectrum, 
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as ^m solid Belf-lammons bodies, and at other times 
oaly a few bright lines, as from a gaseous source. One 
of those lines is said to be identical with that of our 
aurora borealis, and also of the zodiacal light, to be 
described presently ; but the nature of that also is yet 
unknown beyond the fact that it is due to electricity 
acting on some medium or other, for the magnetic 
needle is always disturbed by it, even in places where 
it is not seen. A full account of the theories about 
the corona will be found in Mr. Proctor's various works. 
His own is that it is due to the violent expulsion or 
eruption of some kind of matter ftom the sou, not 
merely gaseous but solid, and that it shines irom its own 
heat, and not only by rejection. And if hydrogen 
gas can be driven through the dense atmosphere of 
the sun to the enormous heights measured by several 
observers, there can be no difficulty in supposing solid 
matter to be driven much farther. If the velocity of 
expulsion exceeds that of arrival under the sun's 
attraction from an infinite distance, or 380 miles a 
second, such matter can never return to the sun, but 
must run away till it comes within the attraction of 
some other star or plsnet. An unmistakable appear- 
ance of radiation certainly proves the existence of 
matter there, either illuminated by reflection or by 
incandescence of its own. Light is invisible by itself 
or when seen crosswise. What we call a beam of light 
thioQgh a hole in a shutter or a cloud is only a beam 
of illuminated dust. The full moon stands in a flood 
of sunlight, which is dark and invisible all round her, 
and the sky is only light by the reflection and refrac- 
tion of sunlight from the abnosphere. 
If the matter, which therefore must be all round 
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the sun as far as the corona can be seen, were simply 
quiescent, like an atmosphere in a state of balance 
between expansiveu^s and gravity, there would be 
only a generally decreasing brilliancy and no distinctly 
marked radiations projecting far beyond the average, 
aa you will see in the pictnres of the corona in illus- 
trated books of astronomy. The matter must be either 
going or coming in various degrees of density or 
velocity. In either case it would be hotter and 
brighter, both from heat and closeness together, when 
near the sun than when &rther off, and therefore we 
cannot decide there&om which it is, except that if it 
comes from the sun it will evidently start in a state of 
much greater heat than if it is merely getting heated 
as it comes. But if matter is continually ejected from 
the sun, he must be fed by other matter, or bis mass 
would decrease and the periods of the planets would 
increase. "We shall see reason to believe that he is so 
fed with meteors. 

There is one more solar appendage to be noticed, 
viz. the zodiaecd light, which is a sort of luminous gleam 
stretching about as far as the earth's distance from the 
sun, often visible at night in the form of a lens or very 
large ellipse, lying obliquely to the horizon, some- 
times about as strong as the Milky Way in brightness, 
The nature of this also is unknown. The most pro- 
bable theory seems to be that both that and the corona 
are composed of meteoric matter, which we shall see 
afterwards is now identified with comets ; and that 
not merely the meteors, but the systems of meteors, 
running round and falling into, and perhaps ^ain 
ejected from the sun, are innumerable. Small meteors 
H 2 
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are only seen at night, but very large ones, called 
aerolites, which are much rarer, generally fall by day ; 
and Mr. Proctor suppoaea these to come from the sun, 
as they must evidently have come in that direction in 
order to fall on the sunny side of the earth ; while the 
email ones may have been ejected towards the sun fi«m 
eome of the larger planets, though many of them 
simply revolve in elliptical orbits like the planets, but 
vastly more elliptical, having their perihelion very 
near the sun and aphelion as far off as the most distant 
planets. Mr. Fiazzi Smyth found the spectrum of the 
zodiacal light in a country where it is brighter than in 
our atmosphere to be a ' continuous ' one, indicating 
that its light comes from solid heated bodies and not 
from any gas ; and some observers say the same of the 
corona ; but on this point there is such a diversity of 
testimony that it seems impossible at present to treat 
the point as settled either way. Perhaps the bright 
line spectrum of the solar atmosphere, which has only 
lately been discovered separately, may have been con- 
fused with that of the corona. Others have identified 
the spectra of the corona and the zodiacal light with 
that of our aurora borealis, which is an electrical 
phenomenon certainly not due to meteors. 

THE bun's HBAT AlTD LIQHT. 

The sun is the soiuce of nearly all our beat and 
light to an extent which is little thought of generally. 
It is true that the original internal beat of the earth 
must be always transpiring gradually to the surface, 
besides its occasional outbursts through volcanoes. 
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And some elementary Babstances will bum when mixed 
and ignited, as oxygen and hydrogen, which make the 
hottest flame we have, and without great care will 
explode and become water ; and potassium thrown on 
water, and even on ice, ignites spontaneously. But 
these are all comparatively insignificant sources of 
heat. Wood, peat, and coal, and with it the mineral 
oils, either are or haye been ages ago vegetables pro- 
duced by the sun's heat, or partially by the then 
remaining superficial heat of the earth from its com- 
pression. And though the ' extraction of sunbeams 
out of cucumbers ' is yet difficult, they certainly are 
extracted every time we eat one and so maintain the 
heat and force of our bodies, or whenever a lot of coal 
or wood or oil is burnt to warm or light a room or 
drive a steam-engine, or when grass is eaten by an ox, 
to be eaten again by us. Water-mills and wind-mills 
too derive their force from the sun, which raises water 
by evaporation to fall again in rain when cold, and 
expands the air by heating it, which contracts again 
when cold, and then the neighbouring air rushes in 
and. makes a wind. Moreover the identity or mutual 
convertibility of heat and other forces, first propounded 
from a large induction (for no a priori reasoning can 
prove it) in Sir W. Grove's ' Correlation of Forces,' is 
now universally accepted, under the name of the Con- 
servation of Energy : which means that the sum of the 
energy in the universe is constant, or one kind of it can 
only be exchanged for another. And though gravity 
is not convertible into heat, nor heat into gravity, yet 
gravity and distance together represent the force em- 
ployed iiom ' the beginning ' in putting things where 
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they are ; and whenever they come together by attrac- 
tion they develope a corresponding force or heat. Yon 
may see in Tyndall on Heat (p. 483) that if the earth 
fell into the sun it woiiid canse as much heat as the sim 
supplies in 94 years ; and most likely a good deal of the 
sun's heat actually is thus kept up by his attraction 
dragging in and as it were devouring stioals of meteors 
continually. So whether heat came first, and so drove 
all things in the universe asunder into a vast nebulous 
mass which has been cooling down and collecting into 
distinct solid bodies ever since, or distinct bodies were 
created and fixed at immense distances at first, and 
then gravity turned in upon them, the conclusion 
must be the same, that all the force now in the uni- 
verse was originally created in one form or another ; 
and that the quantity of force or heat in the universe 
can no more be altered than the quantity of matter. 

Perhaps the simplest way of learning that heat 
represents force is to take up a nail immediately after 
it has been hammered on an anvil or filed for a few 
minutes with a rough file. Tinder can be ignited by 
sudden compression of the air by a piston in a small 
tube ; such machines were among the predecessors of 
lucifer matches. It has also been proved that the 
temperature of water is increased by stirring it about. 
Even warming your hands by rubbing them ia a proof 
of the same proposition. 

The connection between light and heat is too evi- 
dent to need dwelling on. Every one knows that heat 
of a certain intensity produces light, though the 
degree of intensity varies in different bodies. Inas- 
much as heat results fiom the stoppage of motion, or 
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y>% may aay from tammg Tisible motion into heat, it 
was by no means improbable that heat ahonld consist of 
invisible motion, a sort of tremor or vibration of the 
particles like that of a bell ot a steel bar struck with a 
hammer, which produces no visible motion and yet a 
great noise, and vibration like that which is visible 
enough in a musical string. And that is the now 
received theory of light and heat, and is called 

The Undulatory Theory ; which was suggested by 
Huyghens Mid rejected by Newton for the eorpmeular 
or emiaaion theory of ligh^ though he did perceive heat 
to be vibration ; but it was really established by Dr. 
Thomes Young of Cambridge in 1 802 ; a discovery 
which Herschel said would suffice, if it stood alone, to 
- place its author in the highest rank of scientific im- 
mortality. Lord Brougham indeed thought otherwise 
— at one time : for in two notorious articles in the 
' Edinburgh Review,' thinking he conld not err in follow- 
ing Newton, he denounced Dr. Young's theory and his 
proofs of it as paltry, absurd, contradictory, mathemati- 
cally impossible, and many other things ': a warning stiU 
needed against following great names implicitly. Dr. 
Young abo completed or rather lefcnrmed the theory of 
the tides, which had been left imperfect by Newton and 
Laplace, and discovered the interpretation of Egyptian 
hieroglyphics, and was a considerable scholar." The 
undulatory theory makes light, and heat too, consist of 
vibrations of what is called lumim/eroua lether, vastly 
thinner than the air, which is supposed to pervade all 
space and the interatices between the atoms of all 
bodies ; not that its own or any other atoms can be in 
* See hi* life by Dean Peoooc^ He died in 1B19, aged j6. 
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contact, or there coold be no elasticity. The letina 
at the back of the ejQ consists of what may be roughly 
called a brush, of which the haii8 are moved by the 
yibrations of light, as standing com is by a wind. 
Foi the Tibiations of this eetheT are suppcMed to set 
the particles of bodies themselves in vibration. 

It mnst be admitted that there is no proof yet of 
the existence of such tethet. Until quite lately it was 
thought there was, in the gradual diminution of the 
orbit and the time of a comet of short period called 
Encke's ; but that proof has materially suffered by the 
fact lately noticed that other comets of short periods 
are not similarly affected.* The great argument for 
the undulatory theory is that it alone is able to 
account for all the known phsBuomena of light, while 
a variety of subsidiary hypotheses had to be invented 
to explain some of them on the corpuscular or emission 
theory, much like Ptolemy's and Tycho's epicycles for 
, the solar system, which could not be made to work pro- 
perly in circles round the earth, and Uke the subsidiary 
hypotheses which are invented now to get over insuper- 
able difficulties in the apontaneoiu evolution theory .f 
Sound is well known to be vibrations of the common 
air, and cannot travel through a vacuum ; a bell ringing 
in a vacuum does not sound, even in such an imp^ect 
vacuum as we can make. But we can make no vacuum 
against light oi heat, though they can be intercepted, 

* See ' B. A. S. Anniul Beport of Febrnaiy 1S73,' p. ]4T> 

t See ray 'Origin of the Laws of Nature.' I eay Dotbiog a^utat 

evolntioD, as a leault of lawg of aatnie in some coses : bat the idea of 

its cauaing itself, or being an adaqcate explanation of nature as it uoir 

is, U mere notuMnse. ' Satare ' la only ■ iwolt, and not a canse. 
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and tlie passage of heat can be impeded by some gases 
or Vftpours which are inTiaible. Sound will travel round 
a comet, thoagh not so freely as it goes straight, but 
light will not, except when reflected or refracted by a 
change of medium. Light consists of transverse vibra- 
ations like those of a musical stiing, but sound consists 
of longitudinal ' or backwardand forward vibrations like 
com in a field under the wind. Dr. CroU, however, gives 
reasons for thinking that the heat vibrations of solid 
particles are expansion and contraction as of a sphere. 

Polarised Li^t. — This comparison of luminous 
vibrations to those of a moaical string must be quali- 
fied by this, that they are not in one plane, but (as we 
may say) all round, or in every direction croaswise, 
like lings expanding and contracting, or like a con- 
traction running along an elastic tube, anless the 
light is what is called pr^rised by reflection or 
tninsmission through certain substances, which (as it 
were) squeezes the rjbiations flat into one plane, or 
stops all except those which are in one plane ; and if 
you try to reflect them ^ain into a plane at any thing 
approaching a right angle to the original plane of 
incidence and reflection the light is extinguished 
altogether. This, like the spectroscope, but in a very 
inferior degree, enables us to judge whether a distant 
light is reflected or original. 

If light vibrations went otherwise than in straight 
lines, and sound only in straight lines, we should have 
no power of judging of the distance or position of any- 
thing we cannot touch, and should also lose immensely 
by no sound being audible when the source of it is out 
of sight. Afltronomy above tXi. things would have been 
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impossible if light hod not travelled in straight lines, 
except when refracted by some medium ; and le&actiou 
has been called 'the bane of astronomers.' 

A great deal in astronomy also depends on the 
velocity of light, which is in several ways ascertained 
to be about 184,300 miles in a second, or practically 
10,000 times the velocity of the earth in its orbit; 
across which light travels in 16^ min. or nearly 1000 
sec ae I said at p. 85. Sound goes only 377 yards a 
second, about the same rate as a rifle or cannon shot ; 
but electricity through a good conductor goes half as 
fast again as light, and that again is probably some 
kind of vibration, of which still less is known. So if the 
earth were shot at the sun with its present velocity and 
not further accelerated by attraction, and the moment 
of starting telegraphed by lightning, they would get 
the telegram there in about 5 minutes, and see a visi- 
ble signal of it in 8 minutes, and have 2 months to 
prepare for the blow, which they would receive IJ 
years before they heard the original explosion. But 
the earth would fall into the sun by attraction, if its 
motion round the sun were stopped, in rather less than 
65 days, and with a final velocity of 266 miles a 
second. But these velocities are as nothing compared 
with those of the vibrations themselves. For it is 
calculated that there are nearly half a billion vibra- 
tions of the red rays in a second, and nearly three 
quarters of a billion of the violet, and that there are 
from 40,000 to 50,000 waves in an inch. 

Though the general connection of light and heat is 
obvious, it required a great philosopher to separate 
them. It is not merely that things can be hot without 
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being lummons, or that some lights have little heat ; 
but Sir William Heischel discovered that every 
ray of Bunlight can be split np into risible and in- 
sisible rays ; the visible ones consisting of the seven 
colonrs of the rainbow, as Newton had discovered long 
before, and the invisible rays consisting of heat, even 
hotter than the red or hottest end of the visible apec- 
tmm or band of colonrs which appear when light 
passes through a prism. Besides these there are other 
invisible rays beyond the violet or cool end of the 
spectmm, the effects of which can be made visible by 
chemical contrivances, as in photography ; as the in- 
visible hot rays can be concentrated by a lens or 
buming-glaas, so as to set things on fire. 

And they all come out in this order, beginning with 
the most re&acted: chemical rays (invisible), violet, 
indigo, blue, green, yellow, orange, red, and then hot 
rays invisible. Those invisible hot rays would be 
hotter still, but that they are the rays which are 
chiefly stopped by our atmosphere and go to warm it. 
From an electrical light the invisible rays are much 
hotter than the visible ones, not having many miles of 
air to pass through (see Tyndall, § 308). 

Here we ought to notice Mr. Crookes's remarkable 
discovery that light has a repulsive effect in a vacuum, 
but attractive in air of ordinary density. He has gone 
so ^ as to estimate the repulsive effect of sun-light at 
S7 tons per square mile facing the sun, independently 
of the question how the air may modify it. In the last 
edition I said that all such estimates must only be 
received as such, and that the discovery was too new 
for any theory or consequences to have been derived 
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from it aa yet. I am not aware that any more cein yet 
be said of it. The red rays prodnce the greatest effect, 
and the visible lays much more than the invisible. 

If all space is fall of that nhich is called lumini- 
ferous sether, a formidable result seems necessarily to 
follow. However thin it may he it mnst have some 
density, and if the planets cannot move through it 
without friction, it must produce a sensible effect 
on them in time. It may seem odd that the 
effect of resistance is to shorten the period of going 
round the sun, as I said just now of Encke's comet. 
But any friction must impede the forward motion which 
produces centrifugal force, or rather the tendency to 
go on in a straight line, out of which they are pulled 
by the sun's attraction. Then it is evident that the 
more the forward motion is resisted the more 
they will be pulled towards the sun, or the orbit 
made into a smaller ellipse, and bo the period 
shortened. Comets are very light bodies and may be 
and often are greatly disturbed by passing near planets, 
and Encke's comet may have been disturbed by pass- 
sing through the shoals of meteors which surround the 
sun. But if once it is proved that the lightest comet 
has been accelerated by the friction of the lumini- 
ferous Esther, then it becomes certain that sooner or later 
all the planets must have their orbits gradually con- 
tracted, and that in fact they are moving in spirals 
now, getting a little nearer at every turn, and must 
ultimately Ml into the sun, unless there is some 
counteracting force which we are not awaxe of. 
Bat it should be observed that if the luminiferous 
sether is so constructed that bodies can pass throngh it 
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without friction, it does not resist their motion ; for it is 
now certain that friction is the only resistance to fishes 
moving entirely undei water, though not to a ship or 
anything which raises a wave." I have heard no more 
of some other experiments shown at the B. I. a few years 
ago, to prove that a rotating disc was retarded more than 
the fiiction of its pivots and the air would account for. 

The m^tenance of the sun's heat is yet an un- 
solved problem. Several ways have been sugge8t«d in 
which it may possibly be maintained consistently with 
known hcts, and even with each other, but that is the 
most that can be said of them. We had better first see 
however what amount of heat is actually supplied by 
the Bun in any given time. Sir J. Herachel ascer- 
tained that the light of any piece of the sun's surface 
is 146 times as great as that of an equd surface of the 
lime ball which is used under the ozyhydrogen fiame ; 
and that the heat is enough to melt 14 yards of ice all 
round the sun in a minute ; and, therefore, if an earth 
of ice were thrust into the sim, like a tallow candle 
into a pot of melted lead, it would be melted in a 
quarter of an hour (measuring by size not weight) ; or 
tiie sun could go on melting four earths of ice every 
hour if all his heat were spent upon it. 

These estimates were made by measuring the heat 
received by the most absorbent sor&ce of a given size 
presented to the sun's direct rays for a given time 
within the tropics. The method is described in 
Tyndall on Heat (p. 73). Therefrom it was deduced that 
the earth receives as much heat in a year as would melt 

* Bea tbe late W. Fronde's lectme on the leeutance to ships in 
' Hiqtl InstituUoD ProcevdiDgB,' yiiL i8S. 
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loo feet thick of ice all OTer it, or boil up from freez- 
ing point an ocean 66 " feet deep. Another measure 
of the sun's heat received by the earth every minute 
bas been given thns ; except that I have reduced it to 
the quantity received by a square mile at the middle 
of the hemisphere feeing the sun for the time, as the 
larger figures convey no appreciable idea : it would 
raise a block of stone, 200 yards square each way, a 
foot a minute. But the sun's heat would take 14 years 
to lift the whole earth a foot. It is therefore quite 
insignificant compared with bis attraction. And yet 
the earth receives only a 2ii6,ooo,oooth part of all 
the sun's beat. Por the size of the earth's disc, or a 
flat circle of the earth's diameter, is about ir x 4000' 
miles, but the surface of a sphere at the earth's distance 
from the sun is 4Tr x 92,000,000", which is about2ii6 
million times the earth's disc. And all the planets 
together only get a 227,ooo,oootb of the snn's heat, as 
you may find by adding together 4 times their dis- 
tances*, eacb ~- its own radius*. Therefore, so far from 
his having occasion, as we may say, to economise his 
heat, he makes 227 millions as much as bis planets get, 
and radiates the rest away into space. 

Latent heat. — These figures require a little ex- 
planation. We saw at p. 52 that ice contains 143° 
of cold, beyond water at just fi'eezing point; or 
that is the latent beat of water. Again, water of 32" 
will swallow up 990° more beat before it is all turned 
into steam, and so that is the latent heat of steam. 

* In Henohel'a ' Aitronom; ' this baa been printed as 66 mikt 
throagh man; editioDs, and the miatake was DatuniU; foUoired in 
other books, inoloding a few uf the earlieat edition! d thia. 
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Consequently it takes nearly half as much heat to melt 
a piece of ice as to boil it to 212°, and eight times 
as much {1133°) to boil it aU away into steam as to 
melt it, or 5 ^ times as much as to make ice-cold water 
boil. But for this remarkable provision of the Creator, 
and another to he noticed presently, all our rivers and 
ponds and cistetns would often be frozen to the bot- 
tom in a single night, and remain so as long as the air 
is a single degree below freezing ; and as soon as it 
rose the least above 32° all the ice and snow that had 
fallen would melt suddenly, and produce destructive 
floods ; and steam would be anmanageable and almost 
useless. If you melt a pot of lead it falls into fluid 
nearly all at once, not like a lump of ice put into warm 
water; and in like manner lead, or cast iron, or 
mercury (at 40° below zero), get solid nearly all at 
once, because they have so much less latent heat than 
water ; that of lead is only 9°. 

Specific heat. — Two other causes prevent water, and 
especially water only open at the top, from freezing too 
quickly. One is that it takes much more heat to raise 
a ponnd of water l" of a thermometer than a pound of 
anything else : thirty times as much as mercury or 
lead, solid or fluid ; twice as much as oil, and half as 
much again as spirits of wine. Therefore they call the 
specific heai * of water thirty times that of mercury, 
and 80 on. And again, the steam of water expands far 
more than any other steam. The other reason is that 
water (like antimony,t iron, and a few other things, 

* In Eome books latent heat ii ooDfoonded with Bpeoi&i, bat they 
are quite differeot. 
t TjpM oovld Dot be cact fit to om till that waa dlaooTsted. 
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which dystallise in freezing) expands instead of con- 
tracting a little before it freezes, as well m when it is 
heated, and so the ice and very cold water stay at the 
top. Besides that, it condueta heat very slowly. The 
hot water in boiling rises bodily, and in that way heat 
is soon conveyed through the mass. Therefore the sea 
gete heated from above slowly, and gives out a great 
deal of heat in cooling after it has travelled into colder 
regions, and so equalises temperature. 

We may reject at once any idea of the snn's heat 
being supplied by the burning of any of his own sub- 
stance. A sun of coal burning fast enough te produce 
that quantity of heat would be burnt to ashes in 5000 
years if supplied with oxygen enough to bum it. It is 
true that the son may be composed of something con- 
taining more heat than coal, which is only taken as an 
illustration. But we have no reason to suppose that it 
is, or that any kind of matter exists capable of main- 
taining the sun's heat by combustion for any period 
worth considering. Guessing that there may be, and 
that the law of conservation of force may not exist 
there, and that the same fuel may be burnt over and 
over again (which has been seriously suggested), is not 
philosophy, but the invention of a new kind of nni- 
veise and laws of nature made to order. A leas impos- 
sible theory was propounded by Mr. Mathien 'WUliams 
in his ingenious book on the ' Fuel of the Sun,' which 
assumed that fuel to be either atmospheric or hydrogen 
gas, which he thought may exist in a very attenuated 
state throughont space, and be gathered in by attrac- 
tion, and as it were devoured by the sun as he moves 
over nearly the width of the earth's orbit in a year. 
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Bnt these propositions met with no acceptance from 
maljiematiciaiis ; and I only refer to the theory because 
it was so ingenioualy supported by a very able man. 
Of course it was auggeated by the fact that hydrogen 
is proved to exist in a state of inflammation round the 
sun, as I have stated ; and there are occaaional out- 
bursts of inflamed hydrogen in the stars, but those are 
only temporary. Another not very dissimilar theory 
has lately been advanced by Dr. Siemens, but with 
no greater success.* 

The only two theories of solar heat production which 
receive any favour from astrononiers at present are the 
meteoric and the contractive. The meteoric one has 
been already referred to under the theory that the 
corona and the zodiacal light may represent the cod- 
flaence of the infinite number of meteoric streams which 
exist ; or possibly one of them may be the confluence 
of such gleams .reaching the sun, and the other the 
counter streams ejected, as there is undoubted evidence 
of there being some ejective force in the sun which 
prevails greatly over his attractive force in producing 
the sierra and its prominences. It has been calculated 
that a rain or hail of meteors as heavy as granite (and 
they are generally heavier) falling i2 feet thick all 
round the sun with the velocity they would acquire in 
coming straight &om an infinite distance (3S0 miles a 
second) would maintain the actual heat. Or if they 
fell with the velocity of small planets dragged out of 
their orbits in consequence of some gradual obstruc- 
tion to their progress, which would be ultimately 
D 'Knowledge' of Majand Jwae 1B83, 
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240 mileB per second, it would require 24 feet thick 
of each meteorio bail to keep np the sun's heat for a 
year. 

There ie, howerer, s diflSculty in that theory which 
requires at least acme supplementary hypothesis to 
dispose of it. Bearing in mind that the specific 
gravity of granite is about 2i that of the sun, a shell 
of granite 8 yards thick would be an addition of about 
a 12,380,000th of the sun's present mass annually ; or 
the sun must have been in that proportion lighter 
every year reckoning backwards ; and sinc e the l ength 
of the year must vary inversely as the -^ sun's mass 
(p. 82) it mast have been always shortening a 
24,760,000th annually. That is not quite i ■ 3 
seconds, it is true ; baf an accumulation of 1*3 
seconds a year comes to a good deal in the 2500 years 
since tolerably exact observations began to be recorded, 
OP at least since tottil eclipses were identified with his- 
torical eventa occurring at known epochs. The sum of 
any great number of terms in arithmetical progression, 
where the first term = the common difference, is 
practically the common difference X half the square 
of the number of terms,* which would amount to 47 
days. Or again, the mere sum of i * 3 seconds a year 
for the 2000 years since the time of Hipparchus would 
have made a difference of 43 minutes in the length of 
the year by this time ; and it is certain that there is 
no (fifference of half as many seconds (see p. 75). 

• PropBrly it ia i'3 x isooxijor . which only differs by ft sjooth 

part &om the simpler &aiatl&, which has the odTttntage of neminding 
va that the aocamulation practioall; iaoreaoes aa the Bqnare of the 
unmbei of t«iin« of ft kug uittuuetical progtefsiou. 
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If the sun is ejecting meteors by some othei force 
at tlie same rate that he is receiViag them, that force 
has itself to be maintained somehow and is only an 
eqnJT&lent of heat in some other form ; and therefore 
that leaves the difficulty where it was. It is tme that 
if the meteors were all before their absorption within 
the earth's orbit, forming a sort of spherical extension 
of the siin, their joint attraction on the earth would be 
the same as after they hare fallen into the sun. 

But Mr. Proctor says in his ' Science Byways' 
(p. 60) that Le Verrier calculated from the planetary 
disturbances that there cannot be more than a tenth of 
the mass of the earth in meteoric or any loose matter 
within the distance of Venus from the sun, and thai 
quantity falling on the sun would only maintain his 
heat for four years. And as the density or quantity 
of it undoubtedly increases rapidly towards the sun, 
or gets much thinner outwards, there cannot be many 
years' consumption within the earth's distance. Nor is 
there any symptom of that space getting clearer of 
meteors annually. From this and other considerations 
the former supporters of the meteoric theory of solar 
heat have in a great measure abandoned it as at any 
rate very inadequate to account for the actual pheno- 
mena. The favourite theory now is that the sun 
makes his own heat by contracting ander his own 
internal attraction. Professor Newcomb, whose survey 
of these theories is the latest that I have seen, reckons 
that if the original solar nebula had extended to infinity, 
the heat generated by contraction to the sun's present 
size would only have lasted 18 million years at the 
present rate of radiatioo. But that nebula may also 
I 2 
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have had any quantity of heat of its own before it 
began to contract, which would have to be added. He 
trnly remarks that this, the only conceivably adequate 
theory of solar heat that is consistent with the funda- 
mental principles of dynamics, indirectly gives great 
support to the nebular theory of Laplace, which we 
shall notice afterwards. 

Those 18 million years, long as they seem, are 
immensely short of the periods which the evolutionists 
demand for some of their spontaneous operations ; and 
Newcomb also reminds them that there is a limit to the 
heat-productiveness of contraction, and that the heat 
sent here, from that canse at least, when the sun was 
much larger than he ia now, cannot have been enough 
(as he calculates) to keep the water of the earth melted 
for more than ten million years back. I have not room 
here to give any further account of his calculations on 
this subject, or Mr. Croll's to much the same effect.* 
The same reasoning applies to the internal heat of the 
earth, except that the state required for the earth to bo 
habitable or productive is of course very much later and 
cooler than that of the aun ; and the sun's early, and 
very likely present condition, of being all gaseous 
(which may have any degree of density), would last a 
great deal longer than the earth's, on account of his 
much greater size. It must be remembered that the 
heat in a gaseous or a fluid body can pass freely from 
inside to outside by motion of the matter itself, but as 
soon as a solid crust forms, there is an end of that pro- 
cess, and the heat can only transpire, except that the 
crust keeps breaking and eruptions taking place as the 

* Ses Newoomb'a 'Aitrimw^,' p. J05, uid OtciU'b 'Climate and 
Time,' ohaptar 31. 
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matter below shrinks. The earth and snn are in eBBea- 
tially different states as to all this. Jupitei and 
Satnm are more probably in the condition of die saa, 
as we shall see afterwards. 

There has not been time enough, since the times of 
rotation of those large bodies have been known, to see 
whether they are decreasing, as they must if they are 
shrinking ; for that diminishes their moment of inertia 
while the original force of rotation remains unaltered. 
The force that will only turn a grindstone of large 
diameter slowly, will turn a smaller one of the same 
weight faster. No period in astronomy has been more 
constant than tl^e length of our day. It is possible that 
the acceleration by shrinkage may be just balanced 
by the retardation of the earth's rotation by the friction 
of the tides, about which there is no longer any doubt. 
Notwithstanding the probabilities in fayour of the 
contraction theory, it cannot be said that any satis- 
factory method of maintaining the heat of the solar 
system, for the time that some modem philosophers 
require, has yet been invented on the earth. 

There is, indeed, one more theory, which must be 
admitted to be adec[uate to account for any quantity 
of solar heat, or any other form of 'enei^' in the 
universe, by a perfectly logical extension of a theory 
of gravity which has been elaborately propounded and 
expanded, and by some people accepted as possible 
and plausible in various scientific papers. It is not 
wholly the invention of one author, or even of one nation. 
Its latest form is that gravity is caused by the constant 
oscillation right across what we may call the universe 
(seeing how far gravity certainly extends) of an infinite 
number of streams of aatherial atoms, which penetrate 



1 1 8 * Self-contained Energy.' 

everythmg and yet urge everything together by their 
pressure in every direction. Pethapa that might be bo 
if all the preliminary hypotheses of the inventors were 
admitted or proved, and especially the spontaneous 
motion and undimiaiahed energy of the tetherial 
atoms in spite of all the work they do. The last im- 
prover of it felt that those things do require a little 
explanation, being somewhat contrary to all the 
received laws of motion ; and he gave it in this very 
simple and decisive way : — ' Motion is as natural as 
rest '; and the energy is ' self-contained ' in the aetherial 
atoms : that is, it is a fallacy to suppose that any of 
their energy is used up by doing their work ; and 
motion in any particular direction no more requires 
causing or setting going than no motion, or rest : which 
must be perfectly satisfactory and convincing to those 
who will believe anything except a Creator. I cannot 
repeat here what I have said of this theory in other 
respects in my book on the ' Laws of Nature ' ; but as 
energy is another name or form of heat, which is only 
the vibration of material atoms, there is evidently 
no reason why the sun's heat-vibrations should not be 
called ' as natural as rest,' or absolute cold, and his 
energy or heat as ' self-contained,' and so that it may 
go on comfortably for ever, and has gone on for ever. 
Either this conclusion is irrefragable, or else that theory 
is a piece of the profonndest nonsense that was ever 
seriously propounded for science, and only could have 
been by those who, consciously or not, believe in the 
self-existence and eternity and foresight and resolution 
and omnipotence of everything in the universe — except 
a Creator, and revile everyone who refuses to accept 
such mbbish as indisputable ' science.' 



CHAPTEE m. 

THE HOOK. 

If yon ask half a dozen people how big the mooD looks, 
yon will probably get as many different answers, vary- 
ing perhaps &om a shilling to a large ronnd table. The 
truth is that the question has no meaning, because a 
shilling near the eye looks as large, or makes the same 
angle with the eye, as a plate or a table lartber off, or 
as the moon farther still. Bnt then scone people say 
the moon looks bigger than the sun, others smaller, and 
others about the same size ; and that has a meaning, and 
can be wrong or right ; for we can compare the angle 
which each of them subtends at the eye, and say which 
has the real appearanee (quite a different thing from 
the reality) of being the largest. Without any 
meaenring at all there happens to be a ready way of 
knowing that they really appear about the same size, 
sometimes one a little larger, and sometimes the other. 
For the moon quite covers the sun in a toial eclipse, 
but leaves a bright ring aU round him in an annular 
eclipse. In the former she appears larger than the 
snn, being at her nearest to the earth : in the latter a 
little less, being farther off. 

But OS soon as we take the distance of the sun and 
moon into account, we begin to see what a little fjiing 
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the moon ia. The svn is 3S5 times farther off at their 
mean distances, and his real diameter is 396 times the 
moon's and therefore his real bulk 396* or aboTe sixty 
million times as great. Hei diameter is only 2160 
miles, and therefore the earth is 49 times as large, as 
you may eafflly calculate from cubing the diameters ; 
and her mean distance 238,820, or 30*14 times the 
earth's greatest diameter. Her mean apparent diameter 
is 31' 6" while the sun's is 32' 4", these of course Tary- 
ing a little both ways with the variations of distance. 
It may help you to realize these dimensions to say that 
if yon take a ball an inch wide for the earth, the moon 
will be about the size of a pea 30 inches off, and the 
sun a globe of 9 feet diameter 320 yards off. The 
earth is the densest of them all ; for we have seen that 
its specific gravity is nearly 4 times that of the sun, and 
it is 17 times that of the moon, or the moon's density 
is -6 of the earth's; for the earth is found to weigh 81-5 
times, and therefore the sun 26 million times as much 
as the moon. It is remarkable that the moon's distance 
is no times her diameter, and the sun's distance 
nearly the same multiple of his diameter (108), and 
that again is 108 times the earth's diameter, as noticed 
at p. 78. But these are mere accidental coincidences 
with no physical reason for them, like several others 
that we shall come upon. 

These are all mean distances and apparent diameters. 
The moon's orbit is much more eccentric than the 
earth's, and the eccentricity itself varies rmich more 
quickly, &om "044 to -066, the mean being an i8th, or 
more than 3 times that of the earth's orbit now. When 
the eccentricity is greatest the moon's distance aX perigee 
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or when nearest the earth is little more than 221,593 
miles, and her greatest distance 252,948 ; and the cor- 
responding apparent diameters are 33' 30" and 29' 21" 
when corrected for a certain optical excess called 
irradiation, which makes a bright body on a dark 
ground look a little larger than it onght ; Bts you may 
see in the outside of a thin crescent moon evidently 
extending beyond the ends of the internal semi-ellipse. 
The cause assigned for it is that either to the eye or 
to a telescope a luminous point appears to have some 
size, as stars do, though it is well known that they 
can hare no real 'apparent size' at their distance. 
Consequently the visible edge of a bright body, such 
as the moon, is formed of an infinite number of over- 
lapping discs round every point of the edge. The 
true apparent diameter is got by oocultations of stars 
behind the moon's dark side ; for the places of the star 
and of the moon's centre are known, and their distance 
at occultation is the moon's apparent radius. 

You may observe that the mean distance and apparent 
diameter before given are not half way between the 
greatest and least : the reason is that they belong to 
temporary orbits of three different eccentricities, and 
the mean distance, SB in the figure at p. 45, of the 
mean ellipse is not the average of the greatest distance 
SA. of the longest and narrowest ellipse and the least 
distance SD of the short^est and widest ellipse. I only 
add to these figures that the moon's mean parallax, or 
earth's apparent equatorial radius (not diameter) seen 
from the moon, is $/ 3". We shall see afterwards how 
this, which is the real measure of the distance, is as- 
certained. Since the size of the disc varies as the 
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square of the diameter, it is easy to calculate that the 
largest apparent dise of the moon ia very nearly a 
third latgei and therefore gives as a tiiird more 
light than the smallest. 

The moon ie so near that we can see with telescopes 
that her surface is very different from the earth's. It 
is covered in many places with craters of old burnt out 
volcanoes, far larger than any on the earth, and with 
the heaps of ashes which were thrown out forming 
mountainons rings around them. Indeed it has been 
lately doubted whether all volcanic fiction is extinct, as 
one crater called Linn^, 7 miles wide, has been thought 
to have been raised from & hollow into a hill ; and an 
altogether new one 3 miles wide is thought to have 
come out near to the old crater Hyginua in the middle 
of the moon. But it is by no means certain yet that 
these are not all optical effects. There are also wide 
plains called seas : but not of water, for there are no 
signs of any ; nor of any atmosphere affecting the 
light near the edges of the moon, as there are in the 
sun and planets. The regularity and distance of the 
ringsfrom their craters, and the height of the mountains, 
if they are so formed, would depend on the volcanic 
force and the inclination at which the matter was 
thrown out, as there was no wind to stop or spread the 
ashes ; and that force would be practically greater on 
account of the weakness of gravity and the quicker 
cooling and contraction, from the moon's smallness and 
the want of any atmosphere to check radiation away of 
the heat into space. But rings could not be formed 
unless all the matter was ejected at the same inclination 
all round the crater, which is most improbable. JSi. 
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Mathien Williams, and indeed othets before him in 
less detail, haye remarked the similarity of the moon's 
surfsce, including the volcanic action of foimer and 
perhaps present times, to what now takes place in 
masses of melted iron in cooling,* 

A telescope which magnifies ICXX) times shows the 
moon as we should see it 233 miles off without a 
telescope; for we have to measure for that purpose 
between the two snrfaces not the centres. A town a 
mile wide would look nearly half a« wide as the moon 
does to the naked eye, and a building of the size of York 
Minster would look larger than Venus. But no shapes 
of any such objects could be distinguished if they 
existed, even by the largest telescopes. We see 
the shadows of the mountains when they are turned 
sideways to the sun. 

Rotation of the Moon. — It is one of the peculiarities 
of the moon, and (as far as we can see) of the moons 
belonging to other planets also, to keep the same face 
always towards its ' primary,' as if she were set fast 
upon a stick reaching to the earth. This is accurately 
described by saying that she turns on her axis exactly 
in the same time as she revolves round the earth. 
You may think at first that the moon's keeping the 
same ^e to us proves that she does not turn on her 
axis at all ; and every now and then somebody under- 
takes to prove that all the astronomers are wrong in 
saying that the moon rotates or turns upon her axis ; 
as others undertake to prove that all the mathe- 
maticians in the world are wrong in saying that the 

* Bee*S.A.S. Notioea,' Uaioh 1II7}, oi Pioctoi'i ' Mood,* p. jj4 ; 
and hia ' Bough Wajra made Smooth,' p. 9U, on the new craters. 
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diameter of a circle bears no exact proportion to its 
ciicumference or area* I know it is as hopeless to 
convince any of that race of ' paradoxere ' as it was the 
man who insisted that his head had been twisted and 
looked backwards. 

The confosioD really arises from the very common 
cause, of persons who are not Tereed in a particular 
science (whatever it may be) taking upon themselves 
to attach a meaning of their own to a word which never 
has that meaning among those who are versed in it : 
which has lately become much the fashion in theology. 
A man may choose to say that in his opinion ' mass ' 
onght to mean size and not weight ; but that does not 
make mathematicians wrong for using it as meaning 
weight, under the conditions explained at p. 22. So 
he may choose to say that in his opinion ' rotation,' 
does not mean absolute rotation but relative. But 
astronomers invariably mean by it absolute rotation, 
or the successive presentation of every side of a body 
except its top and bottom (speaking popularly), i.e, of 
every side round ein axis, in some given .direction in 
space, disregarding any other motion it may have. 
Then comes a ' paradoxer ' and says, ' I won't call it 
rotation if the body has some other motion which 
enables me, standing in a particular place and turning 
myself round, only to see one side of it.' If such 

* I mean no proportion meainirBble bj saj finite number of flgnieg, 

ot b; an; geometrioal eoogtruotion with nile and compoBBCS. Uatlie- 
niftticians know very nell tluit it can be done mecbanioallj bj a cycloid, 
01 IlieourTe traced bjaaj point in the drcninferenoe of a wheelioUiag; 
on a etraigbt mil ; foe the ba«e of the i^cloiii eTidentlj = the oiroam- 
ferenoe of the vheel, and (he paTailalogrsm which contains the cycloid 
has an area=fouT tinea tliat of the circle. Bee Do Moigon'a 'Budget 
of Paradoxes,' on tliis subject, poufm. 
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I are worth arguing with they Bhould first bo 
called upon to give their own definition of rotation ; 
99 out of 100 of them can give no rational definition 
at all ; and the one who can, if not standing out for 
mere obstinacy, will see that his definition is essen- 
tially different from the astronomical one, and that 
those who start with different definitions of the same 
word cannot poasihly agree about its use ; and he 
may be sure that astronomers and mathematicians 
will not change the meaning of their language to 
please him. 

KevertheleBS for the information of those who wish 
to learn I will give a few of the inunmerable proofs 
that can be given of the moon's rotation. 

First then the deniera of it forget, or do not tnow, 
that if they were on the sun, or anywhere else in or 
near the infinite plane of the ecliptic, except just here 
inside the moon's orbit, they would see opposite sides 
of her every fortnight; and the proposition that she 
does not turn would then appear as absurd to them aa 
the contrary does now. People on the moon itself, 
if they knew the real motions of the sun, earth and 
moon, would be infinitely surprised at being told that 
they have a day and night without rotation. The 
earth is to them what the moon is to us, both going 
round the centre of gravity of both, like a large and 
a small ball at opposite ends of a stick whirled in the 
air. If we liad happened to have 12^ days in the -year 
instead of 365 (as we may some day, if the earth lives 
long enough for the retudation by tidal friction to 
produce that effect), we should have thought it very 
itrange to be told Uiat the earth does not rotate be- 
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cause the moon would then see only one side of the 
earth. And the cases are absolutely identical. The 
, moon presents all her aides to any star near the ecliptic 
I3'37 times a year, but to the sun 12-37 times : i.e. she 
rotates absolutely 13*37 times and relatively 12-37 
times. 

Perhaps the mistake arises from thinking of the 
moon's axis as s wire struck through it, and forgetting 
that if it were, the question would remain whether the 
wire is turning on its own mathematical axis or not. 
If you put a wire upright through a ball which has 
one side painted white, and bend it into a horizontal 
tail which you can hold always pointing to one side 
of the room, while you carry the ball round you with 
the white side always towards you, it will plainly 
enough turn on the axis because the axis has been kept 
from turning. But if you keep the tail of the wire 
always towards you, the ball does not turn on that axis, 
because that has turned just as much on its own mathe- 
matical axis. 

Or you may lay a book on a revolving table, at some 
distance from the centre. The deuiers of the moon's 
rotation say the book does not turn on its own axis 
because it keeps the same face to the centre of the 
table when you turn it round. But that can have 
nothing to do with its distance from the centre. Keep 
gently moving it nearer to the centre while the table 
revolves, and at last it will be visibly turning on its 
own axis and nothing else. Then at what moment did 
it suddenly start from no rotation into a rotation at the 
same rate as the table ? Many more illustrations may 
be given, but they would all bo eq^ually superfluous 
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both for those who cannot 01 vill not Tinderstand these, 
and for those who can and will. 

So much for the fact of the moon's rotation. But you 
may prove also that a force of rotation mast have been 
originally impressed upon it to make it rotate even at 
that slow rate of once a month. Hang a globe or any- 
thing else, so marked as to distingnish the sides, by a 
thin string from the end of a stick held in your hand 
till it has got quite steady : then turn round, carrying 
the stick with you so as not to shake the globe. You 
will find by the time yon have gone half round 
that the side which was facing you has got farthest 
off, but still faces the same side of the room. Why ? 
Because there has been no force impressed on it to make 
it turn, and nothing ever moves except in obedience to 
some force.* Again, if a globe floats in a basin of water 
it will not turn when the basin is turned, for the same 
reason. This was an experiment of Galileo's. The 
globe should be large, for the Mction of the water will 
affect a small one. 

Libration. — It is not strictly true that the moon 
always keeps exactly the same face to us ; for she 
apparently rolls a little in her orbit, so as sometimes to 
show a little more on the right side, and sometimes on 
the left. That is called libration; and it has been 
ingeniously used to take stereoscopic photographs of 
the moon, which show the heights of the mountains 
and the depths of the volcanoes. For a stereoscopic 
view of anything is got by taking two pictures of it, 
one seeing a httle more of the right side and the other 
of the left, just as your two eyes do, as you may see by 
* Motion ia not ' aa natnial aa rest' 
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winHng them alternately while you look at Bomething 
not far off: and that is* the way the eyes judge of 
distance, when it is not too great foi any sensible 
difference in the view which each eye takes. 

The reason of the moon appearing so to roll ia, that 
she does not move in her elliptical orbit with uniform 
velocity, but does turn on her axis unifonnly, and so 
the two motions do not quite keep pace with each 
other. She is sometimes y° 20' before, and sometimes 
7° 20' behind the longitude she would have if she 
moved uniformly : that being her greatest * equation of 
the centre,' or difference of true and mean ' anomaly,' 
or distance from perigee, when the eccentricity of the 
orbit is also greatest. And the libration is tlie same 
as if the moon stood still, rotating unifonnly, and 
the earth went round her, and at the same rate on the 
average, but sometimes j" 20' before and behind its 
mean place. Consequently that is the amount of 
the lihration in longitude, each way; and we see on 
the whole 14° 40' beyond the half of the moon's surface, 
and indeed 15° 30' by reason of the other inequalities 
in her motion which will be described hereafter. 

Besides this, the earth's rotation carries us to a 
different point of sight from moon-rise to moon-setting, 
or from the western to the eastern boundary of the 
earth, which makes an angle of libration = the earth's 
diameter —■ the moon's distance, or nearly 2°, to 
observers at the equator ; but observations of objects 
near rising and setting ate nnsatisfactory on account 
of refraction by the atmosphere, and fiir from the 
equator the change of position by rotation is of course 
less than the earth's diameter. 
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The polar axia also leans 6° 39' from the perpen- 
dicular to her orbit, and sometimes one of her poles 
leans towards ns and Bometimes the other ; and so we 
see also 6° 39' beyond each pole alternately. This i& 
called the lihraiion in laHtude. Now the area of a l-une, 
or slice of surface of a globe between two meridians, is 
evidently measured by their difference of longitude ; 
and therefore the suriace disclosed by the greatest 
monthly and daily librations in longitude bears the 
Bwne proportion to the whole moon's surface as 1 7° 30' 
does to 360°, and that by libration in latitude as 1 3° 1 8', 
But ihey overlap a little, and the result is that all the 
librations together enable us to see nearly '6, or one 
fifth more than half, of her whole surface at one time or 
another. 

Though the moon goes round the earth, it is no less 
true that the earth goes round the moon, only in an 
orbit as much smaller as the earth is heavier ; that is, 
8rs times. The point between them which remains 
fixed, if we forget their joint motion round the snu, is 
their centre of gravity, which is 8l'5 times neiaer the 
centre of the earth than of the moon, because the 
earth is bo much heavier than the moon. Therefore 
the c. g. is one 82-5th of the moon's distance, or 2895 
miles, from the earth's centre. By this we shall here- 
after measure the distance of the sun, besides other 
methods. So if you fix two heavy balls on the ends of 
a light stick five feet long, one four times as heavy as 
the other, and whirl it into the air, they will turn round 
the centre of gravity, four feet from the light ball and 
one foot from the heavy one. 

The cause of the moon keeping her distance from 
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the earth is simply the centrifugal force of both of 
them. If the light ball just now described can slide 
along the stick, but,i8 connected with the other by a 
string, and you whirl them into the air, they will keep 
the string stretched by their centrifugal forca The 
same is the reason why the earth and all the planets keep 
their distance from the sun, subject to the variarious 
due to elliptic motion, as I shall explain hereafter. 

Calculations of the moon's motion are simplified by 
'reducing the earth to rest,' as it is called : which 
might be done by assuming another equal moon at the 
same distance on the opposite side of the earth, so that 
the common centre of gravity and of motion would 
always be the earth's centre. But this hypothesis 
would make the mass of the whole system too great, 
and would increase the time of its roTolution ; and so 
the more correct way of reducing the earth to rest is to 
suppose the mass of the moon transferred to the earth, 
leaving her only an empty shell, as explained at p. 24. 
But whenever we have to deal with the moon's at- 
traction, as on the equatorial protuberance of the 
earth in precession and nutation, or on the water of 
the earth in the tides, we must use her real mass, though 
we may still consider the earth at rest, except as to 
rotation, because that alone affects those disturbances. 

We are so much in the habit of regarding her as 
a mere appendage of the earth that we forget that the 
earth is the moon's moon. To men in the moon (if 
there were any) knowing as much astronomy as we did 
until quite modern times, the earth would be merely 
a moon of nearly 4 times the diameter of our moon 
to U8, or of the sun to both of us ; giving them about 
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13 times as much light as the moon gives tis, if the 
surfaces are equally reflective. If they are as igaorant 
of lunar rotation as some people are here, they will eay 
that their much larger but variable and much weaker 
luminary (the earth) stands still like themselves, be- 
cause it always faces those who live on one side of the 
moon, and that the smaller sun and stars go round 
them both ; but they must see also that the earth rotates 
above 29 times in one of their days. If ttey have dis- 
covered that it is not the sun and stars that go round 
them, but their own globe that rotates, to make their 
day and night, they will be struck with the odd coin- 
cidence that their large looking moon goes round them 
exactly in the mean time of their own rotation. When 
their knowledge advanced still farther to a diseovet^ 
of real sizes and distances, they might still for con- 
venience treat the earth's orbit round them as we do the 
moon's, referring all the mutual motion to the earth as 
an empty shell of no weight and considering their 
globe only with reference to its own motion round the 
sun, as we do in dealing with ours. 

The Hoon's real Orbit. — Some books of elementary 
astronomy represent the moon's path in space as being 
like the curve traced on a wall by a pencil stuck in 
a wheel rolling along the ground: which is a wavy 
line called a ' trochoid,' alternately convex and concave 
if the pencil is not at the circumference, and a cycloid 
if it is, which has a cusp or pointed turn at every 
lowest point. Others represent it stiU more erro- 
neously as a looped spiral, and actually give a picture 
of it so. The real orbit is nothing of the kind, but is 
simply the earth's orbit (or more exactly, that of the 
K 2 
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common eg.), with 25 alternate very slight depressions 
and elevationB of its concavity towards the sun, at each 
new and full moon, there being nearly 12}/ (12*37) 
lanations in a year. From one half moon or quadrature , 
or crossing of the earth's orbit by the moon, to the 
next ia 14" 33', which is 23,365,000 miles, with tha 
ladioB of 92 millions. You must take it as easily 
found by trigonometry that snch an arc bends outwards 
740,000 miles beyond its chord or the straight line 
joining its two ends. But the moon is only 236,000 
miles from the c. g. of earth and moon ; and therefore 
when she ia nearest the sun she is still 504,000 beyond 
the chord; so her path through the new moon fort- 
night is only rather less concave to the sun than the 
earth's orbit. But if she went round the earth in a 
fortnight the path of a new moon would be just convex 
to the sun; for she would then be carried 184,100 
miles outward with the earth and 236,000 inwards by 
going round the earth. Her path in the full moon 
fortnight, being all beyond the earth's orbit, is evi- 
dently rather more concave than that. It can easily 
be shown by a little geometry to bo also concave to the 
son at quadratures and everywhere ; but the difficulty 
to most people is in understanding that it can be 
ooncave to tiie suu at new moon. If yoa draw a 
piece of a circle with a radios of 20 inches, the are of 
14° 33' will be S inches ; and the chord will be • 16 of 
an inch from the middle of the arc. The 236,000 miles 
of moon's distance, reduced to the same scale, is only 
■ 06 of an inch ; but the difference from the earth's 
orbit is hardly visible in a circle of that size. 
Bevolving elliptic orbit- — In all calculations of the 
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moon's yisible place her orbit round the earth may be 
coDsidered an ellipse, with the earth standing in the 
focus, and the sun revolving round them both. And 
this elliptic orbit, or ita major axis, or line of ajmdes, 
or perigee and apogee, or least and greatest distances 
from the earth, revolves in 8 years and 3 10 ■ 575 days, 
going forwards; whereas the earth's perihelion takes 
I io,S8o years to revolve, independently of the precession 
of the equinoxes, which go the other way. An anoma- 
listic month, or the time of moon's return to perigee, is 
27-5546 days. 

Ton may easily see a revolving ellipse if you hang a 
weight by a long string to a hook in the ceiling and 
send it swinging in any direction, except straight across 
like a pendulum or quite round in a circle, which 
indeed you would find it difScult to do. If you stand 
near the narrow part of the ellipse where tiie weight 
passes by you, and stay there, tie ellipse will wheel 
round and the weight will hit yon before long. The 
only difference is that the centre of force in this ellipse 
is not in the focus, but the centre, the force being the 
tendency of the weight towards the vertical or lowest 
point; and it is nearly in direct proportion to its 
distance from that point, instead of the inverse propor* 
tion of the square of the distance. This ellipse wheels 
forward, or in the same direction as the weight goes, 
because the force does not quite vary as the disteoice ; 
and the lunar ellipse similarly wheels forward because 
the moon's attraction to the earth is a little dinunished 
by the son, as will be explained hereafter. 

The moon's axis, like the earth's, does not stand 
upright to her orbit, but leans 6° 39' from upright : 
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that is, the moon's eqnator is eo much inclined to the 
plane of her orbit. And again the moon's orbit ronnd 
the earth is inclined 5° 9' to the apparent orbit of the 
fmn round the earth, or the ecliptic. So we have now 
got one more plane and one more inclination to consider 
than we had in dealing with the earth's equator. It 
is however simplified by the fact that the crossing of 
the moon's orbit and equator always coincides with the 
eroBsing of her orbit and the ecliptic ; though that 
line, which is called the line of node», revolves back- 
wards 19° 21' a year, making a sidereal revolution in 
l8"6 years, or 6793*391 days, or 223 average calendar 
mcmths, just as the equinoctial points <¥> and =^, the 
nodes of the earth's equator and ecliptic, revolve in 
25,868 years. The node at which the moon goes up to 
the north of the ecliptic is called the ascending nodeffi, 
and the one where she goes down again to the south is 
the descending node XS. In is an odd coincidence that 
the node returns to conjanction with the snn and moon 
in 223 lunar months; a nodical month, or time of 
moon's return to the same node, being 27*21222 days. 

Moreover it is remarkable that the ascending node 
of her orbit is the descending node of her equator ; or 
at the moment when she rises in her orbit from the 
ecliptic at the inclination of 5° 9', her equator is in- 
clined 1° 30' to it the other way. Therefore the 
ecliptic always lies between the plajie of the moon's 
orbit and the plane of her equator, making the angle 
5° 9' with the former and 1° 30' with the latter. 

Shape of the Mood> — Some of the stereoscopes of 
the moon taken at opposite librations present the 
appearance of a prolate spheroid pointing towards the 
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earth. This may be an optical illuaion or defect; bat 
other observations appear to show that she actually is 
like an egg with the small end towards the earth and 
the lai^e end behind. If you look straight endwise at 
an egg, with one eye, you cannot tell that it is not 
spherical, but you can if you see it a little obliquely. 
By a careful measuring of angles you might find its 
exact dimensions, and the more obliquely you can see 
it thebetter. It appears that the oblique profile of the 
moon does show her to be egg-shaped ; and so much 
that unless her density is irregular, her centre of 
gravity is 66 miles nearer the back than the &oBt ; or 
33 miles beyond the middle of her longest diameter. 
Hansen sdd that this is also requisite to explain some 
of the inequalities of the moon's motion ; but Professor 
Adams is not satisfied of that. 

And then this consequence would follow : the 
average mass of the long half of the moon is farther 
from her c. g., round which she must rotate, than the 
average mass of the short half; and the earth's attrac- 
tion on each half, being inversely as the square of its 
distance from them, wil I be greatest when the long 
half points to tbe earth ; which will tend to keep it 
there; though not strongly enough to prevent the 
libration of a few degrees, which is due to the moon's 
force of rotation. 

Even if she is not egg-shaped, with a la^e and small 
end and the c. g, beyond the middle of her length, but 
merely a prolate spheroid with the c. g. in the middle, 
still the earth's attraction would tend to keep the long 
axis always pointing to us, if it were otherwise inclined 
to deviate with no great force of rotation. For sup- 
pose such a prolate spheroid turned a little aside ; the 
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earth's attiactioD is rather greater on the nearer end 
of the spheriod than on the farther end, and therefore 
tends to bring the axis back again to the line pointing 
to the earth ; thongh not so strongly as with the egg- 
shape, where the near and small end is still farther 
from the c. g., and therefore the difference between the 
two attractions is still greater. Newton calculated 
that the moon onght to be 178 feet longer than she is 
broad, assuming that she was originally fluid ; and 
we shall see when we come to the tides that that esti- 
mate ought to be rather moro than doubled, because 
the moon is much lighter than he supposed, and there* 
fore her attraction on ber own mass is so much less 
compared with the earth's. This however is &r from 
accounting for a distortion which places the c. g. 66 
miles nearer the back than the &ont of the moon, 
nor has any way of accounting for it been sug- 
gested, and the fact is not yet considered certAin by 
astronomers. 

The question whether there ia either ur or water in 
the moon is connected with her shape. If she is egg- 
shaped (I do not say 'oval' because that has acquired 
the incorrect meaning of having two equal small ends) 
with the c g. nearer the back, it was said by Hersohel 
and naturally followed by others, that any moderate 
quantity of air and water would run to the back to get 
near^t to the c. g. But Mr. Proctor pointed out that 
that could not be so ; for such a figure (a sphere with 
a cap added to it in front), and a fortiori a prolate 
spheroid, evidently has its c. g. farther &om the back 
than the sides, not nearer.* Consequently if the moon 
has any atmosphere, it is in the best and not the worst 
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position for showing its eflfects, by refracting any rays 
of the snn or stars which come through it, grazing the 
real sur&ce of the moon. But it is certain that no 
such re&action takes place, for stars are ' occulted ' or 
eclipsed by the dark side of the moon in a moment, 
whereas they would be gradually dimmed if they 
passed behind an atmosphere. And if there were any 
water, there must be an atmosphere of vapour at 
least, raised by the sun's heat, and that obstructs rays 
a great deal more than dry atmosphere, which hardly 
does so at all, though it refracts them. Therefore the 
moon has neither air nor water. Some of the French 
observers of the eclipse of the sun in Egypt on 1 7 May, 
18S2 came to the conclusion that the moon has some 
atmosphere ; but that cannot be accepted yet, as other 
mistakes have been made about the snn's surroundings 
in eclipses. 

Heat of the Moon, — A conseqnence of that want of 
air is that the sun's heat falls upon every part in suc- 
cession for a fortnight, unmitigated by atmosphere ; and 
for the other fortnight, having no atmosphere to prevent 
the heat from radiating away, she is exposed to the 'cold 
of space ' diminished only by what the heated ground 
returns for a time. Various estimates have been made 
of the extreme of these differences, reaching as high as 
500° of heat and nearly as much below zero of cold, or 
far beyond the difference between ice and melted lead ; 
and though there is no water for the frost to act on, the 
alternate expansion and contraction of the rocks by 
these variations of heat every month must tend to dis- 
integrate them. But as a mere sand hill will stand at 
a slope of about i to i (as engineers call it) it does not 
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follow that the lunar hills would be levelled ia time, as 
they would be here by. rain, frost, wind, and gravity, but 
for volcanic action, either visible or latent, which Sir 
J. Eerschel showed, is always at work in altering the 
levels of the earth, sometimes up and down again with- 
in the times of history. 

The moon has no light of her own, and only re- 
flects the sun's. Dr. Wollaston made out that full 
moonlight is 800,000 times weaker than sunlight, 
which he found equal to 5563 wax candles at the dis- 
anee of a foot, while the moon was only the 144th of a 
candle.* Therefore, as the moon fills about the 240,000th 
of the visible hemisphere, we should get much less light 
from a whole sky full of moons than we do from the un- 
clouded sun. Later experiments have made the full 
moon'8 light a 618,000 of the sun's; but all such 
results must be very vague, depending on ocular judg- 
ment of equal illumination, with all the errors mul- 
tiplied enormously. 

Moonshine produces no visible rise of a thermometer, 
even when concentrated by a very large concave mirror 
idto the greatest possible intensity upon it. But Lord 
Kosse succeeded by the more delicate apparatus called 
a thermopUe in finding that the moon does reflect a 
little heat, which sensibly increases with the width of 
her illumination. It used to be said that the full moon 
drives away clouds ; bat this has been found to be s 
mistake. 

Phases of the moon ate nothing more than the Grreek 

word for her appearances or faces. One half of her is 

always illuminated by the sun, but the illuminated 

* ■ Philosophioal TmuMtiiBis of 1B19,' p. so. 
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hemisphere is constantly changing by her monthly rota- 
tion. The effect is just the same whether we consider 
the moon moving round the earth, or the earth round 
the moon (as they do mutually), or the earth and moon 
fixed and the sun going round them both. In either 
case we should see a bright hemispherical cap wheeling 
louud the moon on its diameter, always facing the sun. 
When the sun ia straight beyond the moon of course we 
see nothing of the bright cap, and that is called new 
moon, because in a day or two we begin to see the right 
edgeof the cap as a very narrow crescent, with the homfi 
to the left, which increases every night, and is called 
the moon vsaating. In a week we see just half the 
bright hemisphere, or a half moon, and that is called 
the first quarter — i.e. of a lunation ; and then more 
than half, till we see the whole or a full moon, the sun 
being then opposite to the moon or behind us. Then 
the right side begins to wans or darken towards half 
moon again; and then during the last quarter there is 
again a crescent, but with the horns to the right. 

The inner edge or the boundary between the bright 
and dark part of the moon is called the ' terminator ;' 
and as it is an oblique view of a semicircle it is always 
a semi-ellipse, except exactly at half moons, when it is a 
straight line. When the bright part ia convex on both 
sides the moon is called gihhous. In the figure at p. 45 
the shaded part of the ellipse represents a crescent, and 
the unshaded part of a gibbous moon. The bright part 
always looks a little too big for the rest, from the cause 
before mentioned called irradiation, which enlarges 
the full moon about 2" all round. 

Some persons are foolish enough to predict bad 
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weather when ' tlie moon is lying oq her back,' i.e. when 
the hollow part of the crescent is turned upwards. If 
that had anything to do with it, astronomers might 
predict the weather very easily, since the posture of the 
crescent depends on the moon's position in her orbit. 
But in fact all the weather predictions beyond a few hours 
are oftener wrong than right, whatever process they are 
made by. The ' boms ' are the points of inteisection 
of the edge of the illuminated hemisphere and of the 
hemisphere facing the earth, and the line joining tbem 
may be called the axis of illumination, which is there- 
fore petpeudiculat to the plane of the sun, moon and 
earth for the time. That plane is not quite the ecliptic 
but a shifting one, because tbemoon's orbit deviates5° 9' 
from the ecliptic. If the moon moved in the plane of 
the equator, she would always rise with the upper bom 
to the left of the lower, and the contrary in setting, and 
be upright on tbe meridian. When she is rising, and 
is at the same time near her own ascending node and 
near the earth's ascending node cp also, tbe obliquity 
of her orbit to tbe equator in the upward direction 
is greatest, and so her upper horn is thrown back, or 
north-eastward, as much as possible, and the axis of 
illumination may be almost horizontal. At that time 
tbe upper born leans back even when she is on tbe 
meridian. And this is true to a greater or less extent 
whenever the moon is near <v, but greatest when ber 
ascending node is also there ; and tbe converse when 
she is setting ; and the converse of all these when she 
is in ^. It is not so much noticed when sbe is gibbous 
as when she is a crescent, though the effect is really 
just the same. 
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A day or two before or after new mooD you may see 
what 18 called ' the new moon with the old one in her 
arms,' or a bright narrow crescent, with the rest of the 
circle just light enough to be seen. That is the reflec- 
tion of the earthshine back from the moon. When she 
is farther from new, the proper moonshine is stronger, 
and 80 the eartbshine is relatively too weak to be seen. 

As the moon has no light of her own, but only reflects 
the sun's light to us, so we do the sameto her. If there 
were any men in the moon they would see correspond- 
ing phases of the earth, which would be full to them 
when the moon is new to us ; and the earth would 
appear to them nearly thirteen times as large as the 
moon does to us : it would be sixteen if the diameter of 
the earth were quite four times that of the moon ; for 
the apparent size of a globe which is called its di»s . 
being a great circle of the globe, raries as the square of 
the diameter, while the real size or solid oontents varies 
as the cube, as I explained before. 

Periods of the moon. — ' Period ' means the time 
of performing a journey round. The average time from 
one new or full moon to another is sgd. 1 2h, 44m. 2*873., 
or 29-5306 days, or 708734153 hours. But to reach a 
second new moon, or the line between the earth and 
sun, the moon has to go rather more than once round 
the earth, because the earth has not been standing still, 
but by the time the moon has got once absolutely or 
aidereally round the earth we and the moon together 
have gone forward 43,250,000 miles in our joint 
annual journey round the sun. And as the moon goes 
round the earth in the same direction as the earth round 
the sun, or what we call from west to east, she has to 
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travel farther round the earth to get again into a line 
between it and the sun. If the earth stood still the solar 
period of the moon would be only 27d. 7h. 43m. r i'Sb,, 
ot 2732166 days, or 65572 hours, which is its sidereal 
or al^olute period. The other, of 29*5306 days, is 
called the synodiad period, or simply, a Iwnaiion, 

The mean synodical period of two bodies revolving 
round a third, really or apparently, is the time of their 
all three coming a second time into the same relative 
position. If the two go the same way, their relative or 
synodical velocity is evidently the difference of their 
separate velocities : if they go opposite ways, the sum of 
them ; and velocities of revolution evidently vary in- 
versely as the periods, or directly as the reciprocals of 
the periods ; for i divided by anything is called its 
reciprocal. Therefore the reciprocal of the synodical 
period is the difference, or the sum, of the reciprocals of 
the two 'absolute or sidereal periods. From which it 
follows by a common sum in fractions that the synodical 
period of two bodies going the same way, like the sun 
and moon, is the product of their several sidereal periods 
divided by the difference; or by the sum of them 
if they go opposite ways, like the moon and her nodes. 

Twelve lunations, or 354*367 days, are called a limar 
year. Therefore the moon is nearly 1 1 days older 
(until the excess is more than 29^) at the beginning of 
every successive year on the average. The moon's age 
at that time is called the e^aet of the year. 

A lunation is rather shorter in summer than winter, 
because the sun being fiirthest o£f in summer, and his 
angular or apparent velocity being inversely aa the 
Bqnaro of his distance (aa we shall see afterwards), he 
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goes 61' a day when nearest and ouly 59' when farthest 
off. The 2'2 1 days' excess of a lunation over a sidereal 
period of the moon is due to the advance of the sun in 
a month; and therefore that excess is least and a 
lunation shortest when the sun advances least. The 
extreme difference of lunations is 3h. 50m. 

Since ine moon goes 360° round the earth in 27-322 
days, sue goes 13° lOj' a day on the average : and the 
sun 59', Therefore the moon advances 12° iii^'more 
than the sun daily. And as the earth turns in the 
same direction, it has to turn that 12° iii' more than 
once round for the moon to reach the same meridian 
again ; which makes the IvmAr day 24h. 49m. ; or the 
time of mooD-rise, or of moon-culmination, or of moon- 
setting, 49 minutes a day later, on the average. 

Harvest moon. — But the time of moon-rise is by 
no means uniformly 49 minutes later every day. In 
fact she rises nearly at the same time for several days 
in every month, in liigh latitudes like this. To under- 
stand this you had better take a globe, and elevate the 
north pole 52" above the north horizon. If you stick 
two or three wafers on the ecliptic near cp, about 12° 
apart, they will nearly represent the moons of suc- 
cessive nights, and you will see that they rise nearly at 
the same time, as you turn the globe from east to west 
while "¥> is at the east side of the horizon. For though 
the earth turns the other way, celestial objects turn 
that way relatively to the horizon. (The position of 
the ecliptic on terrestrial globes is of course arbitrary, 
provided it touches both the tropics somewhere.) Some 
kind of moon rises at <Y> every month, because she goes 
through all the signs in a mouth : but only one fuU 
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moon in the year, yiz., that one which comes neatest 
to op, which ia when the Bun ia at the opposite node =^, 
or the autumnal equinox. So the moon rises about 
full near sunset for several nights together always 
within a fortnight of September 23 ; and that is called 
the harvest moon. Or there may be two, equidistant 
irom the equinox. 

This uniformity of time of moon-rise for a few days 
in every month ia also greatest when the moon's 
ascending node coincides with <v ; for then the moon's 
orbit ia 28^° inclined to the equator, and still nearer 
to the colatitude of England, which is about 38", On 
the other hand, when the moon's ascending node co- 
incides with the sun's descending node ^, the inclina- 
tion of the moon's orbit to the equator is only 1 84°, 
and therefore the ' harvest moon ' effect is considerably 
less. Conversely, near the spring equinox the daily 
difference of the time of rising of the fiill moon greatly 
exceeds the avenge 49 minutes, varying with the 
position of the nodes. In like manner the time of 
Bun-rise varies less at the vernal equinox than at the 
autumnal, and that of sunset more. 

Moonlight in winter — There is much more moon- 
light in winter than in summer. I do not mean merely 
that there are longer nights for the moon to shine in ; 
but that in our winter the brightest fortnight of the 
moon comes when the northern hemisphere of the earth 
is in the best condition for it, being turned towards the 
full moon, and so having it highest and longest above 
the horizon. You will see that in a minute, if you re- 
member that the sun is lowest in winter, because the 
north pole then leans away from him ; and as the full 
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moon is opposite to the bdd, the north pole mnat lean 
towards the fall moon when it leans away from the 
sun. Therefore each hemisphere has as much longer 
full-moonlight than darkness in winter as it has longer 
sunlight than darkness in summer. The nights of 
short moon in winter are also the nights of new moon, 
when there is the least moon to lose. And the contrary 
of all this holds in summer, when the moon is less 
wanted. 

Inconsequence of the moon's orbit being 5° inclined 
to the ecliptic or sun's apparent orbit, the moon may 
be 5" higher abore our horizon than the aun ever is ; 
or it may be so much lower. I remember a woman 
saying that the night when she saw a man stealing 
some fowls was the brightest she had ever seen. I had 
the curiosity to look whether there was any real 
ground for the remark and was surprised to find 
there was ; for it happened to he the night of full moon 
at Christmas, and just at the time (which com^ once 
in nearly 19 years) when the moon's ascending node 
coincided with the sun's ascending node <¥>, and so the 
moon really was the highest that she ever is in this 
latitude, viz. : 38^° for the ccHatititde (or difference 
between 90° and latitude) -(- 23^° for the inclination of 
the equator to ecliptic -(- 5° for the moon's extreme 
elevation above the ecliptic, = 6y°, or three quarters of 
the height from the horizon to the zenith, or highest 
point of the heavens, where the sun or moon gives the 
most light upon the place (p. 62). Whether she was 
also near perigee I did not look. 
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An eclipse of the moon is the moon passing tlirongh 
the shadow of the earth from the sun, which darkess 
the moon, as the shadow of a tree darkens the groond, 
only much more, becaaae there is nothing to reflect and 
spread the light over the moon in shadow (subject to 
what is said at p. 156), as sunlight is spread by the 
air in some way that no other light is. You know that 
the shadow of the tree stands still, and is equally visible 
to you wherever you stand, if you can see it at all. 
And so you never read in the almanac that there is 
going to be an eclipse of the moon visible in Spain or 
India, or America, but not here : except that of course 
it is only to be seen by the people on that side of 
the earth which &ces the moon just then. 

But eclipses of the sun are always announced to be 
visible at certain places, and astronomers travel into 
distantcountriestoBee total eclipsesofthesun; because 
that is the only time when the corona and other enve- 
lopes of the sun can be seen directly, or his atmosphere 
investigated at all, as described at p. 95. If you put a 
small screen between you and the fire, it will only hide 
the fire while you are in one place : that is, the eclipse of 
the fire is only visible to you there, and if you move to 
another part of the room you see no eclipsa So the new 
moon may hide the sun from America while we can see 
him here. And that is why there are more eclipses of the 
moon than of the sun in any one country, though there 
are in the whole world more eclipses of the sun. 

But now comes the question, why is there not an 
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eclipse of the siin and moon at erery new and full 
moon ? If the moon were alwaya in the plane of the 
orbit of the sun or earth (whichever we like to call it) 
there would be, and that is why that plane ia called 
the ecliptic. Bnt she is not : the sun and earth and 
moon could not be represented by balls floating on 
the same water. The moon's orbit is inclined to the 
ecliptic 1° 9' ; and therefore the moon is only in the 
ecliptic, or on a level with the earth and sun, twice in 
each lunation, when she is just rising above or going 
below the ecliptic at either of her nodes; and therefore 
eclipses can only happen when the new 01 ^ill moon 
are near a node. 

Moreover the nodes do not stay in the same place, 
but keep moving backwards, so that each node is nearly 
47' less than half a circle (or 1 80°) from the previous 
one; or they recede 19° 21' a year ; or the line of 
nodes revolves in 6793-39 days or i8y. 7m. 6d. This 
twisting motion of the plane of the moon's orbit back- 
wards is quite distinct from the revolution of the apsidea 
of the orbit forwards in about half the time. The 
recession of the nodes might be represented by dipping 
a sheet of tin into the water inclined 5° 9' to it, and 
twisting it round from left to right, always keeping 
the same inclination : while the advance of the apsides 
would be represented by an elliptical plate fixed loosely 
to the tin sheet by a pin through the focus, and turned 
from right to left, keeping the focus on the water. 

Unless a new moon happens within 1 7° of a node, the 
sun escapes being eclipsed to any part of the earth ; and 
nnlesB a fall moon happens within 11° 21' of a node, it 
clears ihe earth's shadow and is not eclipsed : passing 
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throngh the peBTUubra only is not reckoned an eclipse 
of the moon. What the penumbra is will beezplained 
presently. These limits are for mean distances, and 
are rather wider when the moon ia nearer or the sun 
farther. But the line of nodes must be crossed by the 
snn in his motion ronnd the earth twice a year, and 
BO there are at least two opportunities for an eclipse of 
each kind ; and there may be more. There are never 
less than two eclipses of the snn every year, and there 
can easily be four partial ones. For there are 34° at 
each node within which one can happen ; and if the 
moon gives the sun one partial eclipse 17" before 
reaching the node, she will be in time to give another 
at the nest new moon, as the sun will only have moved 
about 29° in that time. Indeed there can be five solar 
eclipses, as there can be 13 new moons in a year, or 
13 full moons, though not 13 of both. Therefore if 
there is an eclipse, lunar or solar, before January il, 
there may be a similar one in the last week of Decem- 
ber if the position of the nodes is favourable, which it 
is the more likely to be from their receding, so that 
the sun reaches the same node again in 346-6 days, or 
rather less than 12 lunations (354 days).* There can 
only be three lunar eclipses in the year, at intervals 
of 177 days or 6 lunations, as the moon can only be 
eclipsed once within the 22° at each node, and she 
may escape altogether. So there are never more than 
7 eclipses in a year, for if there are 5 solar there 
cannot be 3 lunar, and vice versd. 
Umbra and Penumbra. — If you put two candles 

* TIiIh eyDodioal period is calcolated from the ridoreol jeax ud the 
67g]'4d(ijsofiiodsli!eTolutioD,b7 the rale at p. 141, 
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close together, and hold a stick between them and the 
wall, it will cast a narrow black ehadow. on the wall, 
bounded by two paler ones. Within the black shadow 
both candles aie eclipsed, but in the pale shadows only 
one. A lamp with a very wide flame would represent 
the sun more accurately, hut two candles are easier to 
managa When the sun is narrowed by an eclipse the 
fringes of shadows are narrower than nsnal. So the 
earth in a lunar eclipse casts a black shadow on the 
moon, called the uitAra, within which the son is totally 
eclipsed to the moon, surrounded by a penvm^ra, which 
is a pale shadow on the moon to ne, and would be a 
partial eclipse of the snn to those parts of the moon 
which the penumbra covers. In like manner the 
moon hides the whole sun from the earth wherever 
the umbra or full shadow of the moon foils in a solar 
eclipse ; and those parts of the earth which see the sun 
partially eclipsed would appear covered with a pale 
shadow to people in the moon. The shadow of the 
earth's penumbra on the moon is so slight that it is 
hardly visible. 

Solar edipBCB. — The sun's diameter being 396 times 
the moon's, her ambra is a cone which runs to a 
point at a distance = a 395th of the sun's distance, or 
229,000 miles beyond the moon when tjie sun is nearest, 
and nearly 237,000 when he is farthest off; and there- 
fore it foils short of the earth's surface if the new moon 
is near apogee, and reaches beyond it at perigee, and 
almost exactly to it at mean distances of the sun snA 
moon. When the umbra does not reach the earth 
it is only touched by the penumbra, and the parts of 
the earth which are swept over by the middle of the 
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pemunbrs then aee a partial but annular eclipse of the 
sun ; for an annular eclipse is only a particular kind of 
partial one. Of course every eclipse begins and ends 
" as a partial one.* The places a little way off that 
middle line see a partial but not an annular eclipse. 
If the moon is near enough for the umbra to reach the 
earth there is a total eclipse of the sun at all the places 
which it coTers. It can only cover a spot 148 miles in 
diameter when the moon is nearest to the earth, and 
the SUB farthest, or the total eclipse can only move over 
a zon^ of that width, and the totality never lasts above 
7 minutes at one place, and very seldom so much. 

For a total eclipse ean only last as long at one place 
as that place takes to move through 14S miles by the 
two motions of the earth, bearing in mind the motion 
of the moon and her shadow at the same time. As the 
moon's synodical period with the sun is 70S734 hours, 
we may consider the sun and moon and shadow at 
rest, and the earth going round the moon in that time 
in an orbit of 238,820 miles mean radius (p. 120) and 
therefore 2 1 22 miles an hour. But we want the velocity 
when she is in perigee, for it is only then that there 
can be a long total eclipse. By one of Kepler's laws 
which we shall consider hereafter, the moon's (or 
supposed earth's) velocity x distance at either perigee 

* Some fdotnrea of eolipMB in bot^ are likely to give an enooeoaa 
ides of sa aanalar eclipse, b; makiiig tbe middle oF the pennmbK 
blaok like the nmbra, wbiob ia contrary to the bat No picture seemi 
to me likely to make the matter clearer : Id fint I bad dnwD one, and 
vrittea a desoriptiott of eclipeeB to suit it ; bnt it wat longer than this 
instead of shorter, and harder rather than enaier, ao tfa asloonldjadge. 
There 1b a good aooonnt of the principal 'solar eolipBea' under that 
head in the * English Oyolopiedia ' 19 to the year i860. 
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or apogee = the mean velocity x mean distance ; and 
as the distance at perigee may be as little as 221,600 
miles, it follows that the velocity will then be 2287 
miles an hour 01 36 a minute. Sut any place not fax 
from the equator is carried by rotation about 16 miles 
a minute in the same direction as the moon's shadow 
goes, and so such a place will move through the shadow 
about 20 miles a minut« ; and therefore under a com- 
bination of the most favourable conditions the totality 
may last something more than 7 minutes. But of 
coxirse that happens very seldom indeed. The eclipse 
of 17 August 1868 ^lasted a little less than 7 minutes 
in India, and is the longest on record. But a total 
eclipse may take 3^ hours to pass over the whole earth 
centrally. 

It may also be shown, but at too great length to 
introduce here, that in the long run there will be 
rather less than 4 total eclipses in 9 years, visible 
somewhere on the earth. 

Such different accounts have been given of the 
darkness in total eclipses, that we can only conclude 
that the old ones were much exaggerated by the 
people's alarm at such an unusual kind of darkness as 
all observers agree that it is. It is also accompanied 
with cold, as is natoral ; and the darkness of the shortest 
total eclipse is said to be immeasurably greater than 
that of the largest partial or annular one. In a total 
eclipse the moon is generally more visible than the ' old 
moon in the new moon's arms' by reflection from the 
earth (p. 141), because there is not even a bright 
streak of directly illuminated moon to be contrasted 
with it in an eclipse. 
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Mr. Hind, the editor of the Nautical Almanac, pub- 
lished in the Timet of 28 July 1871 and 19 July 1872 
accounts of some old total eclipses ; and it is remark- 
able that London has nevei seen but one, on 3 May 
1715, though there was another in the midland 
counties in 1 140, when it is said people lighted candles 
at noon, and another in the south-western counties on 
22 May 1724, and two in Scotland in 1433 and 1598. 
He predicts that London will see another on 1 1 August 
1999. The most recent corrections of the moon's 
motion, and the earth's with it, have enabled the dates 
of certain much more ancient eclipses to be identified 
with the events narrated with them. But there is one, 
the great eclipse of Xerxes, which still resists all 
explanation, unless the date of the battle of Salamis, 
which shortly followed it, is to be altered from B.O. 
480 to 478, when Mr. Hind finds there was a very 
large eclipse at Sardis, though not quite total, on 
February 17. Herodotus (Tii. 37) thus describes it: 
' When the army of the Persians was setting out from 

* Sardis to Abydos in spring, the sun leaving his seat 

* in heaven became invisible in a perfectly clear sky, 
'without clouds, and instead of day it became night,' 
(exactly the phrase which he used for the eclipse of 585, 
predicted by Thales). ' Xerxes seeing this became 
' uneasy and inquired of his magi what this phseno- 
' menon might mean. They answered that it signified 
' to the Greeks the destruction of their cities, because 
' the sun was the significator (in astrological language) 
' of Greece, but the moon of them ' — the Persians. 

This was written by the ' father of hjstory ' of a very 
momentous event almost (if not quite) within his own 
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lifetime : the invasion of Greece, I mean, not merely the 
eclipse ; and a stronger description of a aolar eclipse in 
every word of it could not be written. Yet the late 
Astronomer Boyal, ia the R. A. S. ' Memoirs ' of 1853, 
before Adams's great correction of the lunar theory, 
actually propounded, as an ' extremely probable ' solu- 
tion of the difficulty, that Herodotus was mistaken, and 
wrote all this of an eclipse of the moon, not in 480 
but in 479 : a notable specimen of the modem fashion 
of correcting almost contemporaneous history by con- 
jectuies and supposed probabilities.* And as a ^rther 
commentary on it, he afterwards concluded, on better 
grouuds which will be noticed afterwards, that ' there 
is still some serious defect in the lunar theory.' What 
historians may say to Mr. Hind's necessity for altering 
the date of Salamis 2 years, and therefore of Marathon 
which was 10 years before it, I cannot tell. If those 
dates are absolutely immoveable on historical grounds, 
there must be something very wrong in the lunar 
theory. If so, it is strange that the calculations 
should agree with the received dates of the eclipses of 
Thales in 585, of Agathocles in 3 10, and the still more 
valuable one of Nineveh on 15 June 763, which it 
seems is recorded with its date in one of the Nineveh 
tablets in the British Museum. But this also, accord- 
ing to Mr. Hind, was not quite total; though he 

• After this it WM not aurpriaing to find him publiehing aoolleotion 
of equallj bold and positive oonjeotural oorreotloiu of tbe Old Testa- 
meat, and of tlie received antliorBhip of Torioiu porta of it, and of 
the ohatactera and objeota of some of Ihe priocipal perBooa in it: a 
book of which even DDbelieTerB, for eome reason, declined to av^ 
tbetUMlvea, ao far at I have seen. There was a good pamphlet on it 
bj the BeT. A. JidmwHi in 1877. 
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suggests that a very sliglit correction of the Innai 
elements would make it so. The same may possihly be 
true of the eclipse of 478. 

The B, A. S. Bepott of 187S, p. 144, notices the in- 
vestigation by the late Mr. Bosanqnet of an eclipse in 
690 B.O., which he identified with the bringing back 
of the shadow on the sun-dial of Ahaz recorded in 
Isaiah xxxviii., which date is also concurred in by 
Hansen. Some day perhaps we shall understand the 
apparent stoppage of the sun in Joshua x. 

The 41st vol. of the R. A. S. 'Memoirs,' is a com- 
pilation of records of all the important phtenomena of 
the total eclipses from 1836 to 1S79, and afew earlier, 
by Mr. Banyird, then secretary of that Society ; (for 
which gratuitous work he was rewarded by a conspiracy 
of the ' sunspottery ' and ' physical research ' people to 
turn him out because he opposed the schemes for 
'endowing' them, for which they have kept theSociety 
in a state of periodical turmoil for a dozen years). 
Some of these phtenomena are only appreciable by 
astronomers and spectroscopists, but there are a few of 
genend interest, such as the very various descriptions 
of the darkness of different eclipses, and even the same 
at different places. Some observers on various occa- 
sions have spoken of the 'frightful rapidity' with 
which the moon's shadow just before totality comes 
over the earth. Both sides of it are seen more dis- 
tinctly in the clouds as it moves along. In some cases 
the temperature fsills enough to cause dew. Worms 
come out and flowers close, as for the night. The 
planets and a few stars are sometimes seen by those 
who know where to look for them. In one case it was 
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80 dark tliat an observer could not find the eye-piece of 
his telescope which had dropped, and Sir G. Airy could 
not read his watch — a more definite test than most 
which are given. Another curious fact, of which there 
are several teetimonies, is that thin wavy shadow 
bands about half a yard wide move over the sides of 
houses in an eclipse ; and that the ' limbs,' or edges of 
the illuminated crescent ' undulate violently,' and the 
darkness increases not steadily, but by pulsations, 
and the moon seems to jump forward both at the be- 
ginning and the end of totality. The whole moon is 
some times seen for 20 or 30 minutes before and after 
the totality. ' Bayley's beads,' or a series of what look 
like bright beads juat before the edges close and open, 
are a well known pheenomenon, and are considered 
to be the gaps between the lunar mountains, as theii 
tops reach the son's limb soonest and leave it latest. 

IjUnar eclipses are of much less interest to astro- 
nomers than solar, and require little further explana- 
tion. The earth is so large that its umbra in a lunai 
eclipse reaches far beyond the moon, and may be as 
much as 5950 miles wide where the moon crosses it, 
, and is never less than 5650. And as the moon is only 
2160 there can never be anything like an annular 
eclipse of the moon. A total eclipse may last ih. 4Sm., 
and it may be an hour more than that &om the first 
contact to the last, since the moon takes about an hour 
to move across her own width. The earth's penumbra 
is 10,200 miles wide at the mean distance of the moon. 
These things cannot be calculated without geometry, 
so I only give the results. I have abeady given her 
mean velocity of passing through the shadow — the same 
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as the earth's in a solar eclipse ; and the masimum ; the 
minimiun is neaily^ 2000 miles aa hour. The mooo 
goes apparently as well as really eastward or to the 
left here, through the shadow or over the sun, hecause 
she goes round the earth 1 3*37 times faster than the sun 
or the shadow, and the earth's rotation eastward only 
makes them both appear to move westward equally. 

The moon is very seldom so totally eclipsed as to be 
invisible. A lunar eclipse differs from a solar one in 
the boundaries of the umbra and penumbra being much 
less clearly marked. We either positively see or do 
not see the whole or part of the son, and the part 
which is not eclipsed remains as bright as usual. For 
a solar eclipse is simplified by the moon having no 
atmosphere to refract the sun's rays as they pass by 
her. But the penumbra of the earth is only a gradually 
du-kening shadow, into which the moon cannot be seen 
definitely to enter. The middle of the moon was 
much darker than the rest in the middle of the total 
eclipse of 23 August 1877." Moreover the umbra itself 
is invaded and coloured red by rays which would pass 
by the earth and beyond the umbra altogether if they 
were not refracted and turned inwards by our atmo- 
sphere, which they have to pass through as obliquely 
as possible in skirting the edges of the earth. And 
they are bent inwards so much that they cover the 
whole umbra at the distance where the moon crosses it, 
leaving the undiluted umbra a shorter cone which does 
not reach the moon. In other words, there ia no time 
when she is quite invisible and does not receive some 
rays of the sun through the refi'action of the earth's 
■ B«e B. A. 8. NotioM, xxzTiii. 9, on both thoH poiiita. 
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atmosphere ; except that the rays are sometimes stopped 
instead of refracted by the earth's atmosphere being 
cloudy where they pass, and then the eclipsed moon is 
quite invisible, and stars passing behind her disappear 
suddenly without any visible cause, as they do in a 
common occultation by the dark side of the moon. 



CYCLES OF THE MOON, AND EASTER. 

It was discovered long ago, and was once thought 
important, that 600 equinoctial years = 742 1 lunations 
within a few hours. But a cycle of that length is of no 
practical value, especially as it does not also coincide 
with any number of revolutions or half revolutions of 
the nodes. 

The Saros, — But there are two other lunar cycles 
of much more useful length, and one of them has still 
an important bearing on our calendar. They are so 
nearly of the same length that they are liable to he 
confounded, though they have no relation to each 
other. The first is the Chaldeean Sares (which means 
restitution) or cycle of eclipses. 223 lunations are 
6585*324 days, or 18 of our years + 10 or 11 days 
(according as they include 5 or 4 leap years) and /h. 
41m. That is only 4Sm. short of 242 nodical months 
(p. 134) ; and, by another remarkable concidence, it is 
only 5 hours short of 239 anomalistic months (p. 133). 
Consequently the sun and moon and her nodes will 
then be all again iu the same relative position, and 
their distances frem the earth also practically the 
same ; for the 1 1 days and the 5 hours respectively make 
no such difference in their distances from perigee as 
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to ftfifect tteir distances from the earth sensibly. Oon- 
sequently all the eclipses will recur in the same order 
and magnitude after this period : but not at the same 
times of day, on account of the yh. 41m. difference, and 
BO they may not be risible at the same places. There- 
fore the Chaldseans, who had ascertained all this some- 
how, made a more complete saros of three such periods, 
= 54 years + 32 or 33 days, within an hour. It is 
singular that even the stars are very nearly in the same 
position relatively t£i the sun and moon though not to 
any part of the earth, at the end of a saros, for it only 
exceeds 241 sidereal lunations (p. 142) by 19 hours.* 

The Metonic cycle is so called because it was dis- 
covered by Meton, an Athenian, B.o. 433. It has 
nothing to do with eclipses, but it is of far more im- 
portance than the Saros, as the time of Easter has been 
fixed by it as long as it has been fixed by any rule at 
all ; for many centuries without any modification, and 
latterly with some; but still that cycle is the rule. 
235 lunations take 693969 days, or so little leas than 
19 years of 365^ days that they only differ by a day in 
322 years. There is indeed a whole day's difference 
accoidiug as the 19 years include 4 or 5 leap years; 
and the complete cycle is 4 x 1 9 or 76 years. But 
the world has always been content to use only 19 
patterns of years at once for finding the Easter moon : 
only they are now shifted in the calendar 7 times in 
1200 years, as you will see at p. 165. Neglecting for 

• Bee tbe Appendii on ChBldtBon Astronomy in Mr. Piootor'« 
'Sfttnm,' p. 17). Sir J. Herscheiiioesnot notice this ftnomalirtio coin- 
cidence, wbii^h affects the mBgijitude and eTsn the natnie t^ a lolu 
eolipce, makliig it porhapg either aanolar ot total. 
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the present that difference between leap and conunon 
yeais, which corrects itself eyery 4 years, and the 
moon's coming a day sooner in 322 years, we may say 
that the new and full moons come again on the same 
days of the same months every 19th year. Therefore 
there are only 19 out of the 30 days after the remal 
equinox on which the equinoctial flill moon can fall ; 
and the 19 golden numbers prefixed to those days in the 
Prayer-book calendar mean that the day gainst the 
golden number of the year is the day of Paschal moon, 
or full moon next before Easter Sunday, 

For by the mle which has existed over all the world 
since the first Council of Nice in 325, Easter is the 
Sunday i^t the fall moon next after the 20th of 
March or the vernal equinox. The Council left the 
moon to be found as it might be ; and farther disputes 
arose on that ; which were ended by Pope Kilarius in 
463 ordaining what has ever since been the law of 
church and state, that the Paschal moon should not be 
the actual full moon to be found by aatronomere, but 
the 14th day of the moon by the Metonic cycle, though 
the real fall moon is on the 15th or 16th day&omnew. 
This was done to prevent Easter filing on the Jewish 
Passovei. 

Consequently tb© Paschal moon often differs from 
the true equinoctial moon by a day or two, and Easter 
may be a week, or even five weeks earlier or later than 
it would be if it followed the real moon. Indeed unless 
an ' Eastet meridian ' were ^reed on for the whole 
world, it might still differ five weeks in different places 
in the same country, even if it were fixed by astro- 
nomers and therefore made incalculable either forwards 
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or backwards by anybody else. For if there is fall 
moon in London very early in the morning of Satnrday 
March 2i, East«r would be the next day there; but 
that same full moon may be on Friday night of March 
20 at Exeter or Oxford by true time, and therefore 
would not be the Paschal moon there, which would be 
on Sunday April 19, and Easter not until April 26: 
which it never is now. 

The correction of the Metonic cycle for the purpose 
of keeping the ecclesiastical full moon tolerably near 
the real one on the average involves the whole subject 
of the reformation of the calendar, or the change from 
Old to New Style, which is intimately connected with 
astronomy. It occupies many pages in the books 
which treat of it fully, but I hope to explain all that is 
important of it in a short compass. The most complete 
treatise on it is De Morgan's in the 'Companion to 
the Almanac' for 1845 and 1S46, and his article on 
Easter in the ' English Cyclopaedia.' There is also a 
very clear paper about it in the ' Philosophical Transac- 
tions ' of 1750 by the Lord Macclesfield of that time, 
which prepared the -way for the Act of Parliament, 
24 G. II., cap. 23 (1751), for changing the style in 
September 1752." But none of these contain a table 
for old style as well as new, such as yon will find 
at page 169; nor do the Prayer-boobs, as they only 

• You will find in the 'English' and in ' Bees's Cyclopadia,' ftgre&t 
deal also aliout the epact, or age of llie (eccleajastioal) moon at the be- 
ginning of ths year. But we can do aa well without it, and the subject 
waota no gnpeifluonB oomplicRtion. De MorKan aiso pnbliehed a 
' Book of Almanacs,' oonlaining the n patterns of years for tbe jj 
possible days of Easter, according to the rules : if the; folloned the 
tmI moon theie would be 36 al 
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Iiare the calendar and roles of that Act for all years 
after 1751, The Paschal full moon is in fact a par- 
liamentary phEeDomenon, not an astronomical one. In 
order to explain it we must consider generally — 

The Calendar. — It was known very early that a 
year is no exact numher of days ; and different nations 
had different plans for occasionally adding or inter- 
calaiing days, to make up for the fraction lost in each 
year. It is not worth while to go into the history of 
these contrivances. The present scheme of three years 
of 365 days and a fourth of 366 was invented for Jnlius 
Ceesar by Sosigenes of Alexandria b.o. 45, and lasted 
without alteration (except a temporary mistake cor- 
rected by Augustus) until the time of Pope Gregory 
XIII. It was then found that the real equinox fell ten 
days before the nominal one of March 21, and that 
E^ter had got four days wrong besides, &om the error 
in the Metonic cycle. Ten days were accordingly 
struck out of the calendar between the 4th and rsthof 
October 1582 ; and to prevent the error for the future 
it was decreed that every looth year should lose its 
leap day, except those divisible by 400. I will describe 
the new Easter arrangements presently. 

This is the Gregorian or New Style, which was in- 
vented by Clavius, a Jesuit, and adopted in all the 
Boman Catholic countries before the end of 1582, 
and by the Protestant German states in 1700, but 
not by us till 1752, and hy Sweden the year after, 
and quite lately by Russia, which had then got 
12 days wrong. In 1^51 Parliament enacted that ^e 
day after 2 September 1752 should be September 14 : 
dropping thus 1 1 days, because we had got one day 
M 
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more wtODg than in 1582 by allowing 1700 to be a leap 
year. Of course dne proTision was made that nobody 
should lose or gain 1 1 days' interest on their debts ; 
neverthelees the Act caused riots among the common 
people, who cried out, ' Give 11s back our eleven days,' 
as if they would die so much the sooner for the loss 
of them. Fortunately they were not our masters then. 
Moreover, you must remember in reading old books 
that the years legally began on March 25 until the 
change of style ; and therefore such an event as the 
execution of Charles I, on Tuesday, 30 January 1649, 
as we call it now, is said in old bcioks to have been in 
1648. A year of the average length of 365^ days is 
called a Julian year ; but the years of the Jvlian era 
are reckoned from i January 4713 b,c., an arbitrary 
epoch which was invented for reasons of no consequence 
now; so 1882 is the 6S95th of the'Julian era.'" For 
there was no A.D. o, though there is a B.C. o, and the 
19th century of onr era (which probably begins 4 years 
after the real birth of Christ) began on i January 1801, 
not 1800. 

To turn Old style into New, add 1 1 to the day of the 
mouth in the century beginning 18 Feb, 1700, which 
becomes l March, as that February would have no 
leap day by New style : add 10 days in the two centuries 
after 19 Feb. 1500; 9 days in the century beginning 
20 Feb. 1400, and so on. 

Now let us see what amount of error the Gregorian 
calendar still leaves, after professing to correct itself 
every 4Cxd years. A million Julian years are 365,250,000 
days; but a million equinoctial years are 365,242,216 
* See * Brande'a Dtotiouu;,' or ' EoglJah Cyclopedia,' 01 * Chamber^'! 
Astronomf.' 

c,q,t,=cdbvGoogle 



Error of the Gregorian Calendar. 163 

days. Therefore the problem is how to drop 7784 
leap days in a million years in some neat and simple 
way : that is, one day in I28'47 years. Bnt the Gre- 
gorian plan dreps a day in 133*333 years in the long 
run. Therefore the error ia 4'86 days in 128- 47 x 
133*333 years, or a day in 3524 years. Accordingly 
Sir J. Herschel proposed to carry the correction a step 
farther by making every 4000th year lose its leap day, 
though it is divisible by 400 : which would go for aWiut 
28,000 yews without an error of a day. 

But I think the mere statement of the problem sug- 
gests the best solution of it : 128 = 32x4; and that is 
a number easy to remember, being formed by 7 succes- 
sive duplications of i, or 2'. Therefore the simplest of 
all plans would be just to let every i28th year lose its 
leap day ; and that only makes a day wrong in 35,440 
years ; which is ten times more accurate than the 
Gregori^i scheme, and seven times better than another 
which ia commended by Sir J. Herschel, for dropping 
one day in 132 years (misprinted or hastily written in 
bis ' Outlines ' 128) by postponing the leap day of every 
32nd year to the 33rd ; which would also be most 
inconvenient, by making the leap years no longer all 
divisible by 4. 

Even if reckoning by centuries is thought essential, 
still the Gregorian scheme is not the best. It would 
be both more correct and more symmetrical to drop the 
leap day of every century except the fifth, instead of the 
fourth.* For that makes leap years of 2500,3000, &c., 

• Friar Bbcod in 1367 aiged Pope Clemeat IV. to reform the 
calend&i on a, plan equivalent (0 thiB. He had fonnd out somehow the 
length of the feai more exactlj than ao]>body else then or for a long 

h2 
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instead of 2400, 2800, 3200, and only accumulates an 
error of a day in 4646 years : which again could be 
rectified in 5000 years more completely than the 
Gregorian error in 4000. 

Correction for Easter. — The next question was how 
faster was to be set right, and the Metonic cycle 
modified for the future, to prevent the ecclesiastical 
and real moons from getting wider and wider apart. 
Under the Old style the Golden numbers were never 
shifted ; for it assumed the Metonic cycle to be perfect ; 
and therefore the same cycle of almanacs recurred every 
7 X 4 X 19 or 532 years. For the future they wanted 
a new set of pattern years, to be indicated by the 19 
golden numbers, with a contrivance for shifting them 
again when they had got a whole day wrong. The 
golden numbers of successive years have always run 
regularly from i to 19 without any dislocation. So 
the first thing was to put them against a new set of 
days between March 21 and April 18 (inclusive), and 
that arrangement was to last till the year 1700. Then 
they are to be shifted on this plan : at every century 
divisible by neither 3 nor 4 they are all to be advanced 
a day in the calendar, and to be set back a day at 
every century divisible both by 3 and 4, i.e. by 12, 
and not altered in the others. 

The reason of that contrivance was this. Suppose 
the sun and moon to be right at some century divisible 
by 12, which we may call o for this purpose. Then at 
the year 100 the Gregorian year loses a (leap) day, and 

time ktterwiudB. Bat he was pat in pTuon tea ten yeani instead : 
vhiob has been meiged Id the greater fame of Galileo's imprisonment ; 
and so has Bnmo'a burning bj another pope for the tame cauBO. 
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so the moons of the next century will all come a day 
later than if that day had not been dropped, and the 
golden nnmhers must he advanced a day accordiagly ; 
and the same at 200. At 300 the year again Iobcb 
a day ; but by that time the Metonic cycle has put 
the nominal moon nearly a day too forward, and 
therefore ought to lose a day : and so they balance 
without any alteration. In 400 the year does not lose 
a day, and the moon does not, and so again they are 
right; and thus yon may go on tiU 1200, which 
drops no day ; bat the moon has then lost a day since 
gcx), and so the golden nnmhers have to be put back. 
But Clavius supposed the moon to lose a day by the 
Metonic cycle in 300 years more exactly than it does. 

You may see the result of all this in the Prayer-book 
in II. and III. of the ' General tables for finding the 
Sunday letter and the places of the golden numbers,' 
for as long as the world and the Gregorian rules may 
last. The smaller numbers by the side of the cen- 
turies in Table II. show at once how many days the 
golden numbers are advanced on the whole since 1600, 
which will evidently be 5 days in 1200 years on the 
average, being set back once and forward 6 times. 

Now let ns see how nearly this keeps Easter right, 
assuming it to have been set right in 1 600. Though 
235 lunations take ih. 26m. less than 19 Julian years, 
they take 2h. 6m. more than 19 equinoctial years, so 
that the moons of every 19th year, or of every year 
with the same golden nomher, come a day later after 
216 years. In other words, if our years were correctly 
adjusted, by dropping two days in 257 years, a new or 
full moon of Maich 21 now would &11 on March 22 in 
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any year of the same golden number after 216 years, 
and on March 23 after 432 years, and so on. So that 
instead of the golden numbers adrancing at the rate 
of 5 days in 1200 years, they ought to advance 5 days 
in 1080 years. Again, 235 lunations exceed 19 Gre- 
gorian years (whose average length is 365*2425 days) 
so much that the moon advances a day in 232 of those 
years, or 5 days in 1160 and not 1200 years : eo that 
the Gregorian rule does not keep the moon right even 
for the average Gregorian year, which is itself wrong. 

The result of all this is that the rules for keeping 
Easter neither keep it by the real equinoctial moon of 
each year, nor by a moon which is right on the average 
of a long period, either for the real equinox, or for the 
artificial year which we adopt, and sometimes leave 
it five weeks off the real time. It seems that even 
Clavius the Jesuit, who did the astronomical work of 
reforming the calendar for Gregory XIII., ventured to 
publish the suggestion that it would be better to keep 
Easter by the sun, making it the Sunday after some 
given day, instead of letting all the great festivals and 
holidays, except Christmas, wander over five weeks of 
the calendar in the vain attempt to follow the moon. 
Perhaps before the year 2000 the world will be in a 
condition to revise the calendar and reconsider that 
question without prejudice.* 

To find the days of the week. — But whatever is 
to be done hereafter, Easter and the days of the week 

* The equinoctial full moon appeara to have wme efieot on the 
weather. The Eaater fortnight hag only once passed withoat froat 
or snow in England Binoe 1BJ7 oertnirily. Berore that I did not 
obserTB it The coldest Eaatei I evei saw va« almost the Utest 
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for any given days of the month can only be found for 
the past and the present by the existing rules, and so it 
is important to understand them. The table in the 
Prayer-hook for finding the Sunday letter, or the day 
of the week for any given day of the month, is wrong 
for any year before September 1752. They copied the 
Gregorian tables into the Act of 1751 without taking 
the trouble to adapt them to this country, or to say 
that they only applied to the New style ; and therefore 
that table will give wrong days of the week backwards 
before 1752. The proper table and rule are these : 



For countries which 
changed their style 
in 1582 it must be, 

1 G 1700. 

2 F 1583 to 1699: 
the rest as before. 



A 1 800 to 1 899 inc. 

1 G i4Sep. 1752 to 1799. 

2 F 2500. 

3 E 2400, 2300. 

4 D 2200. 

5 2100 and every year 

of old style. 

6 B 2000, 1900, 

Rule for finding the Sunday letter.— Add to the 
year its fourth part, omitting fractions, and also the 
number set opposite to it or to the last century before 
it in this table, and then divide by '7; the remainder 
over indicates the Sunday letter. But until the end of 
February in leap years the letter above the one so 
indicated is the Sunday letter. When that is found 
you have only to look at the Prayer-book calendar, 
where all the days marked with that letter are Sundays 
in that year. The reason of the rule is that a common 
year ends on the same day of the week as it begins, or 
has one day over the 52 weeks, and a leap year two 
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A&jB. Therefore, starting from o, there are as many 
days OTer beyond some entire weeks as the number of 
the year -(- the number of leap years, and as many 
days of the week oyer as the remainder after dividing 
those days by 7. The arrangement of the letters in 
the calendar, beginning with A for January i, is only 
arbitrary, and happens to require the constant adden- 
dum of 5 to make the Sundays of all the years until the 
change of style come right. After 1752 the dropping 
of leap day in every century not divisible by 4 displaces 
the Sunday letters of the next loo years by one day.* 
To find Eaater. — Either of the tables in the Prayer- 
book for this purpose is right since 1752. I have 
made a similar one for Old style, which is right for 
every country until it changed, and therefore here till 
1753; for Easter of 1752 went by Old style. First 
come all the possible days of the Paschal moon, and 
therefore of the golden numbers, and a week more to 
reach a Sunday when that moon is on Sunday April 
18. Then come the Sunday letters of those days 
according to the calendar. The column headed O. 8. 
has the golden numbers as they stood until the 
change of style. The next has them up to 1899 

* Ton m&j test tble b; tbe date above given for the death of 
OhnrleB L, or b; tbe older date of CulDmbna's sailing for Ameiloa, 
Friday, } Angnat 1491 (Helps's 'Columbna '}, which sailora appear to 
hftTB forgotten was nolananlucky jonrnof, thooghitwaa on a Friday. 
There ia a funny old > memoria («chnioa ' verse foi the Sundaj' 
letters of the first day of every month In the oalendar : 

At Sorer Swells George Brown, Xsquira, 
Jan. Fd). ISarth April Itag Jane 

Qood Cbristiau Friend, And David Fiiar. 
Jiiljf ^tttf. fiepe. Oct Sos. i^M. 
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(inclusive), from 1753 in England, and from 1700 
in Eoman Catholic countries ; and the following one 
from 1900 to 2199, unless the rule is altered before 
then. The column headed 1583 to 1699 is only for 
the countries which changed in 1582 (see 'English 
Cyclopsedia,' Easter). 

The way to use the table is this. Add i to the 
year and divide by 19, and the remainder is the 
golden number, no remainder corresponding to 19. 
Find that in the column which the year belongs to, 
and run your eye horizontally back to the day of the 
month opposite to it, which is the Paschal moon, or 
the 14th day of the moon according to the Gre- 
gorian rules. The Sunday after it is found by the 
rule which I gave for the 8unday letter, and that is 
Easter Sunday. 

THE TIDES. 

The rising of the tides as much later every day as 
the moon is later in coming to the meridian must have 
been the first thing that suggested the idea that they 
are due in some way to the moon's attraction. Their 
connection with the sun might be less evident, though 
thoughtful men must have perceived it from the fact 
that the tides are greatest at new and full moons and 
least at half moons. StUl it was not till Newton came 
that any real theory of the tides was propounded, and 
even he left it imperfect. His theory is very simple. 
Every particle of water on the earth is attracted 
towards the moon (taking her first) with a force 
proportioned to her mass and the inverse sq^uare of her 
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distance from tliat particle. Therefore she attmcts 
the water on the near side of the earth more than she 
attracts the earth (at its centre), and the water on 
the far side less ; which comes to the same thing for 
tidal purposes as if the moon were cut into two nearly 
equal parts, and the larger part left in the real place 
of the moon and the smaller one put exactly oppo- 
site, leaving the earth's centre unmoYed, You will 
see presently why the two parts roust not be quite 
equal. The moon then diminishes the force of gravity 
towards the earth's centre both under her and on the 
opposite side, and so the water rises there from the 
two cross sides of the earth where gravity is not 
diminished, but is rather increased, as we shall see, 
until the increased height and mass balances the 
difference of gravity, 

But that is not all. If you pull two balls not far 
apart with long strings of equal length held in one 
hand, you will also pull them towards each other, with 
a force which, yon must take it as proved, varies as the 
angle between the strings (so long as it is a small one), 
i.e. as the distance of the balls apart divided by the 
length of the strings. In the same way the moon's 
attraction draws in all the waters which lie at or near 
90° from the point facing her, which is the same as if 
the earth's attraction on them were increased. But 
this contractive force, or the resolvedpart of the moon's 
attraction on the sides of the earth, towards the centre, 
is only half the other separating or differential force, as 
I will show you presently. Therefore if you call the 
contractive force i, the other will be 2, and there is 
altogether a force of 3 tending to make the water 
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&cing the moon, and at the back of the earth opposite 
to her, higher than the water at 90° firom those phices. 

The snu does the same in all respects, but in a less 
degree ; for although the general attraction of the 
moon on the earth ie very small cmnpared with the 
son's, yet her differential attraction and her contractive 
force on the opposite sides of the earth are greater, 
because she is so much nearer, and both these forces 
depend on the proportion of the earth's radios to the 
distance of the sun and moon respectively, as in the 
case of' precession' (p. 72), If you like to see the cal- 
culation of the actual amount and effect of the tidal 
forces of the sun and moon, and the proportion which 
they bear to gravity, or to the earth's attraction on its 
own water, it is done as follows. 

We may take any length and any mass for the units 
of length and mass, for a foot and a pound are merely 
arbitrary ones convenient for measuring on a small 
scale. It will save trouble to call the earth's radius 
and mass each 1, and then the sun is 322,700, and his 
distance 23,2 1 3, and themoon is 'O123, and her distance 
60 from the earth's centre, but 59 and 61 firom the 
near and far sides of the earth respectively. Then 
the moon's attraction is to terrestrial gravity as -0123 
to 60'; and so her attraction on the near side is 
■0123 X gravity, ^^ ^^ ^^^ ^^^ ^^^ -0123 X gravity, 

59" 6i» 

remembering that ' gravity ' means earth's mass -H r*, 
r being earth's radius. Now we want the difference 
between each of these and the attraction at the distance 
60 ; and if you take the trouble to calculate it, yon 
will find that the difference on the near side of the 
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earth ia a little more, and that on the far Bide a little 
less, thm Lil:gH|_ f"i*r.' (otarve that the 

moon's distance now appears in the denominator cubed, 
not squared.) And that ia why the moon must not be 
divided into two quite equal parts for tidal purposes ; 
the tidal force under the real moon is about a 20th 
more than on the far side of the earth ; but practically 
that last fraction represents both of them, and we may 
say that the moon's differential force at the surface of 
the earth or at distance i from its centre is to gravity 
as twice the moon's mass is to the cube of her distance. 
In like manner the sun's differential force is to gravity 
as twice his mass, or 2 x 322,700, is to the cube of his 
distance measured in earth's radii, or 23,2 13^ And 
there is no sensible difference between the sun's tidal 
force on the near and far sides of the eaitb, as the 
diflference of distance is only an 1 1,606th, 

And to each of these half as much- mote has to be 
added for the contractive force ; for that is the general 
attraction of the sun or moon on the earth x the small 
fraction which has the earth's radius or i for numerator 
and the son's or moon's distance for denominator. Thus 
the same cubes of distance come in as before, but not 
the 2 in the numerator ; and ao the whole tidal force of 

sun _ 322,700 X 3 ; j^Q^of moon _ -oi23 x 3- 
gravity 23,213* gravity 60^ 

You will find, if you work out these figures, that 
gravity is nearly 6 million times the moon's tidal force 

* With the eSitih'B radiaa as the nait of length we mnBt remember 
that gravity would baye to be Tepreeeoted by a very mncli smaller 
fignie than ji'i as ttBual, for that meauB feet, as the usual nait of 
length ; but we have no need to me any figure for gravity here. 
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and 1 3 million times the sun's, at mean distances ; 
and adding the ^ and -^ together, the attraction of 
the earth on its own water is about 4 million times 
greater than the tidal forces of the sun and moon 
when they are acting together. 

If the earth were a £uid sphere of neatly 2 1 million 
feet radius, and of uniform density = the present 
average density, the tidal force at every depth would 
be the same 4 millionth of the central attraction, since 
they both vary as the distance from the centre. And 
as the weight of a prolate spheroid is to the sphere 
which it contains as their different axes, the tidal force 
would pull out the sphere into a spheroid whose semi- 
axis major exceeds the minor by 5^ feet and lies in 
the line o/syzt/gy, pointing to the sun and moon. But 
the depth of the oceans being quite insignificant com- 
pared with the earth's radius, that calculation will not 
apply I ^<^d the actual result is that the tidal ellipticity 
due to snn and moon together is only a 6 millionth, 
or the highest tide is only 3^ feet above the lowest in 
the open sea. The earth is always treated as a sphere 
in tidal calculations for simplicity ; or rather, the 
calculations are only applied to the zone including the 
equator : beyond that, mathematics cannot yet deal 
with them. 

The amount of the earth's tidal force on the moon is 
important, although there is no water there, because it 
is the force which tended to make the moon a prolate 
spheroid while she was getting solid. We saw just now 
that the tidal force on one of a pair of globes at a given 
distance varies as the radius (r,) of that one and as 
the mass of the other (omitting the distance^ which 
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is common to bott), and its effect is also inversely as 
the attraction of the globe in question at its own 
snrface, wLich is its mass -~ri'. Therefore the tidal 
effect of the earth on. the moon is -^ri* ; and of moon 
on earth ^r" (r being earth's radius). Consequently 

tidal effect o. moon ^ gV.' And M r U about 42r„ 
tidal effect on earth i'r* 1 1 

and ® is 8i'5 x C , you may easily calculate that the 
moon is tidally affected by the earth 135 times as much 
as the earth by the moon. But what we may call the 
second difference, or that between the tidal force at 
the front of the moon and that at the back is much lees 
than on the earth, because the moon's radius is only a 
220th of their distance, that is, it is much less relatively 
to the tidal effect; but that being 135 times larger, 
even that small proportion of it is absolutely greater 
than on the earth ; but still not enough to account for 
the moon being so very egg-shaped as is supposed. I 
may as well mention that in ^1 these cases a small 
difference between two attractions results in a 
difference of a ' higher order,' i,e. a much smaller 
fraction. Thus we saw that the difference between the 
attractions at the moon's centre and surface, which 
each vary inversely as the earth's distance*, varies in- 
versely as that distance^ ; and you would find on calcu- 
lating it out that thifi next difference of the differences 
at the back and the front surfaces varies inversely as 
their average distance* from the earth. We shall see 
another very important case of the same kind, under 
the moon's disturbances, which led to the rectification of 
all the dimensions of the solar system by about a 30th. 



1 76 Comparison of Sun and Moon's tidal forces. 

If you cannot follow these calculations, you may 
accept it as proved that the tidal forces of the sun and 
moon on the earth are as their masses directly and the 
cubes of their distances inversely. And their distances 
vary enough to make a considerable difference in these 
proportions at different times. When the sun is at hia 
nearest and the moon at her farthest, he is only 364 
times farther off, and the cube of that is 48 millions ; 
but when she is nearest and he is farthest, his distance is 
410 times hers, of which the cube is nearly 72 millions, 
or just half as much more. So we have those two cubes 
in favour of the moon to set against 26 millions for the 
sun, who is ao much the heaviest. Therefore the sun's 
tidal force varies from rather more than half to rather 
more than a third of the moon's. 

But all this might be so and yet hardly any tide 
vould be visible, if the earth always kept the same 
fac« towards the moon, as she does to the earth. 
There would then be only a solar tide about a foot 
high, which would also move so slowly round the 
earth that its effects would be very different irom 
what we see now. The ebb and flow of the tide, by 
which alone it is felt as a great power over the world, 
depends upon the earth's rotation with the water, 
while part of it is held up by the tidal force. The 
easiest way to understand the effects of the rotation 
is to suppose the earth fixed, and the sun going round it 
fromeast to westin24hour8,andthemoonin24h, 49m. 
The moon then drags the two opposite tidal waves 
after her at the rate of 1003 miles an hour at the 
equator, and the sun two others at the rate of 1041. 

Not that the water itself moves at anything like 
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that speed, or that much of it is carried loand the 
earth at all, except in long periods. The thing that 
ttayela with the moon is the two alternate states of 
eleyation and depr^sion of the water at 90° apart. 
A wave is the transmission of a state, not of a body. 
The water is indeed moved to the very bottom of the 
sea, and a good deal of it mores forward, and some 
back again afterwards, besides being lifted and let 
down again. Although the tidal wave travels west- 
ward with the relative motion of the moon, the tide 
itself moves towards an eastern as well as a western 
shore, because that is the necessary effect of the whole 
mass of water rising. And when the advancing water is 
stopped by land it can only dispose of itself by rising 
much higher thaa the 3 feet of the open sea. Waves 
raised by a wind stir the water to a very little depth, 
and not much water is carried forward in them. They 
' break ' on a shore because the friction of the ground 
stops the bottom of the water from going as fiist as the 
top, which therefore tumbles over. 

Neap and Spring tides. — The snn has his two tidal 
waves as well as the moon, but of less than half the 
size, on the average ; and therefore it is best to consider 
the tide as mainly belonging to the moon and modified 
by the sun, as follows. At half moons, or quadratitres, 
when the sun is 90° or 6 hours from the moon, they 
pull across each other, and the sun tries to make high 
water where the moon is making low water. The 
moon's tidal force, being more than twice the strongest, 
prevails, but the tide is only due to the difference of 
the two forces, and so rises and falls least, and that is 
called ne<^ Hde. 

N 
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When the moon is past quadrature and Has not 
reached Byzygy, 01 the line of new and full moon, the 
tide is kept in advance of her by the sun ; but after 
syzygf the tide lags behind the moon, being kept back 
by the snn. Consequently the tide of any place is not 
regularly 49 minutes later every day, as if it obeyed 
the moon only, but sometimes as much as an hour 
later and sometimes only 38 minutes. This is called 
the priming and lagging of the tides. When the sun 
and moon are in syzygy, either in conjunction or 
opposition, they augment each other's tidal force and 
produce spring tides, which are the sum of the lunar 
and solar tides and rise the highest and Jall the lowest. 
And these again are greatest at the equinoxes, because 
then the sun is ou the equator and the moon must be 
within 5° of it, and so they are in the best position for 
drawing the water from the sides to the front or back 
of the earth. For if you wanted to pull a sluggish 
globe round, you would wrap a string round it at the 
equator and pull in the plane of the equator. And 
they are greater still when the new or full moon is 
at perigee near an equinox, which must happen about 
every 41^ years ; and greatest of all when the moon's 
nodes are there too, every 9^ years. But the actual 
very high tides depend on the wind concurring with 
these astronomical causes ; and therefore predictions 
of them generally fail. 

Although the time of high tide at any place varies 
every day, the time of high sprirlg tide is always the 
same, because spring tide happens when the moon is with 
the BUn (or rather a certain small distance before him, as 
we shall see) and therefore as if it depended on the sun 
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alone. Its time after dooq and midnight depends on 

local circumBtances, and how the tide hae to teach the 

place ; but thej are of couiee constant, except so far 

as the wind may retard 01 accelerate the tide a little. 

Weighing the moon by the tides.— We have thns 

far been assuming the moon's mass to be known, and 

calculating the proportions of the tidal forces from it. 

Bat in fact it was just the contrary. The moon's mass 

was flrst ascertained &om obserratioos of the difference 

of the lunar and solar tides, i.e. of spring and neap tides 

at Yarious places^ thus ; Suppose the average spring 

tide anywhere is 41 feet, and the neap 15 ; then the 

lunar tide is to the solar as 41 + 15 is to 41 - 15, or 

as 28 to 13. But the moon's tidal force is to the sun's 

moon . eun mi. > ji- . 

^-1 T^-r-iTO-r-: — Ti — . • A he suns mean distance 

her diBt.' bis dist" 

is 385 times the moon's, and 385^ is about 57 millions. 

Therefore 57 million times the moon is to the sun as 

2S to 13, which makes the sun nearly 26^ million times 

as heavy as the moon. And the sun's mass being 

known to be 322,700 times the earth's by other means, 

that makes the earth about 82 times the moon ; which 

is near enough for this purpose, and in fact much 

nearer than could really be ascertained from the tides, 

complicated as they are by friction and other local 

disturbances. 

Newton, from imperfect measures of the tides, made 

the etu^h 40 times as, heavy as the moon, and Laplace 

70 : Sir G. Airy"oalled it &3 in 1856. Mj. Adams and 

Mr. Stone's figure is 81*5, making the moon '0123 of 

the earth, an easy figure to remember. Sir J, Hersohel 

lowered the moon to one 88tii of the earth ; but the 

K 2 
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Si'S ia now generally accepted. The moon's maas is 
not affected by the late alteiation of the mass and 
distance of the eun ; for the sun's tidal force remains 
the same as before, his mass and the cube of his 
distance being reduced equally (p. 85). 

The top of the tidal wave, however, does not really 
point to the moon at spring tides, but 45° or 3 hours 
behind it in the open sea, and much more where it is 
obstructed by land. For the inertia and friction of the 
water take some time to overcome, and so the effect is 
always behind the cause. 8pring tides are also a day 
or two after new and full moon, because the tidal force 
keeps accumulating for several days while the sun and 
moon are near together, and there is a greater amount 
of it in the four days with syzygy in the middle than 
in the four days before syzygy. So the hottest and 
coldest weather is after and not at the solstices. The 
more the tide is impeded by land the longer it naturally 
is behind the proper astronomical time : in London it 
is two days behind. Sometimes it has to come round 
islands, and is divided into two streams : consequently 
there are places where two tides come by roads of 
diflferent lengths, and so rise and fall 4 times a day ; 
and others where the low tide by one road neutralises 
the high one by the other. 

In running up gradually narrowing channels it rises 
much higher than on the seashore ; as high as 50 feet 
at Bristol, 80 at St. Michael's Mount, and 100 at An- 
napolis in the Bay of Fundy, but only about 12 feet 
generally on an open shore. Sometimes the tide rolls 
up a river which gets gradually narrower, when the wind 
helps it, with a face Uke a w^ and the velocity of a 
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tailwfty traio, apsetting everTthmg in its way. This is 
called the lore in the Serem and Ayou and eome other 
rivers, and the eager ia the Hamher, and it is far greater 
in some American and Asiatic rirers. On the other 
hand, when the tide has to make its way into a la^e sea 
throngh a narrow passage, like the Straits of Oibialtar 
into l;he Mediterranean, it is unable to piodnce any 
sensible rise and &11 over such a sea. 

But the tide sweeps rapidly over wide and level sands, 
so as to oTcrtake and drown people sometimes, because 
a rise of a few inches then runs over a great area of 
sand ; and it becomes soft under the water like a bog, 
or ' quick,' because moving water lifts and carries sand 
and stones along with it, according to their smallness 
and (probably) the square of its velocity. For the 
weight of the stones increases as the cube of their 
diameter, but the surface only as the square, anA. the 
power of the stream to move them varies directly as 
their surface and inversely as their weight ; and there- 
fore varies inversely as their diameter, or as the cube 
root of the weighty among stones of the same specific 
gravity and general shape. A river goes on rising for 
some time after 'slack water' when things cease to 
float upwards, because the natural flow of the river 
downwards balances the tidal flow upwards, but both 
raise the water. 

The wave theory of tides. — But all this tiatieai 
theory of the tides is imperfect, and indeed erroneous, 
because it disregards their motion round the earth, 
which has to be kept up by the moon and sun in ad- 
dition to the mere raising of the tide. Newton himself 
knew this, and intimated in a few words of Cor. 20 of 
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Prop. 66, boot i., of ' The Principia,' that the result 
might be what it is, in a tidal current free to travel 
roond the earth. It alao disregards the fact that a wave 
once Btarted will go on with Bome velocity of its own, 
depending on the depth of the water and the force of 
gravity, until it is either worn out by friction or accele- 
rated or retarded by some other force. Such a wave is 
caUed a ' free ' wave. The statical theory however 
serves very well to explain most of the phsenomena, 
though on one important point it leads to a conclusion 
exactly the opposite of the truth, which is again modi- 
fied by a sort of accident into apparent coincidence 
with the true result. The hydrodynamical or wave 
theory of Dr. Young is a good deal more difficult ; but 
it is possible to give some explanation of it, on the 
usual assumptiou that we may treat the tide as going 
round the earth in zones or canals parallel to the 
equator; though this is certainly not the case when 
we get far from the equator ; but the calculations for 
high latitudes and oblique currents are beyond the 
present power of mathematics. 

Let us see then how a wave is propagated in a canal 
by any force which for a moment pushes the water 
forward through its whole depth and width, or in any 
way raises it by a disturbance reaching to the bottom 
an the moon's attraction does. The deeper it is the 
more water will be lifted by a given push or displace- 
ment of any vertical column or slice of the canal ; 
simply because more water is displaced in a deep slice 
than a shallow one, and the more that column will 
overtop its neighbour for the moment. But the 
raised water immediately tries to fall again ; which it 
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can only do by poshing tte adjacent column forward 
and upward in the same way. And thua the elevation 
or wave travels on, with a velocity depending on the 
momentary elevation of each column above the next, 
01 on the slope of the whole wave surface ; and that 
you see depends on the depth. It would travel un- 
abated through the whole length of the canal, or round 
and round the earth, but for friction, which would in 
time wear it out if not kept up by some renewal or 
continuance of the force which started it. 

It ia provable by mathematics* that the velocity* 
of the crest of the wave a the depth of the water x 
gravity ; and expressing gravity as usual by 322 feet 
per second, that means tliat velocity* per second = 
depth X 32*2, all in feet. But each particle of water 
moves very little, and quite differently and sometimes 
opposite to the progress of the wave. It is always 
advancing while it is above its own mean level, as 
you will see if you consider that it is the pushing of a 
whole vertical stratum of particles forward which 
produces a wave ; and again the particles are always 
receding while they are below their mean level. 
Therefore every particle describes a long ellipse — 
unless the water has an independent current, which 
may be going either way, and then we have only to 
suppose the ellipse travelliug with it as the imaginary 
lunar orbit travels with the earth. The velocity of 
each particle backwards and forwards is to the velocity 
of the wave as its height above and below mean level 

* 8e«Mr. D. D. Heath'a papet in the ■ Ph. Mag.' of Moroli i867,or 
Bi[ G. Airj on the Tides in Uie'Enojrc. MetropoUtaiut,' and in B. A.S. 
Notiow xxii. 319. 
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is to tlie vhole depth of the water ; which you see ia a 
very small proportion. 

It is easy to calculate from the above expression for 
the velocity of a ' free ' wave that the sea should be 1 2J 
miles deep for such a wave to go round the equator at 
the rate of 1000 miles an hour, or the same rate as the 
moon, considering the earth as not rotating. But the 
sea is nowhere probably more than 5 miles deep 
through many degrees of longitude, which would give 
a velocity of only 600 miles even if it were that depth 
all over. In other words, gravity acting on a wave 
once started is not enough to make the tide keep pace 
with the moon, except in rather high latitudes, where 
the circumference of the earth is so much less that the 
velocity due to gravity might carry the wave round the 
earth in a day. But certainly over the great mass of 
the ocean the moon and sun have a good deal of work 
to do in keeping up the tide, even independently of 
friction, which would soon wear it out Let us see how 
they must perform the operation ; and we will consider 
the moon alone for simplicity. Then assuming the 
great tidal wave to exist as a prolate spheroid pointing 
somewhere, we have to find where that is, or where the 
moon must be with respect to it in order to keep it up 
and drag it round the earth after her. 

For this purpose of increasing the natural velocity 
we want gravity increasing, since velocity varies as 
y/ gravity. When the prolate spheroid points to the 
moon, or our two im^inary halves of the moon, 
gravity is not increased but diminished at the highest 
points. The water rises until gravity and tidal force 
are balanced between the sides and the front and back 
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of the earth by the watei assuming the spheroidal foim. 
The tide must fall back a long way from that position 
for gravity to be materially increased apon It. But if 
the tidal spheroid has its Sat side towards the moon 
gravity is increased ; for the contractive tidal force varies 
as the distance of the water from the earth's centre 
(p. 173); and the differential force, which acta against 
gravity under our two tidal moons, also varies as the 
distance of that water from the centre, which is now a 
minimum ; therefore in both cases gravity is increased, 
in one directly and in the other indirectly. And high 
water will not stand at any intermediate place (inde- 
pendently of friction) for the following reason. 

Neither the differential nor the contractive forces 
draw the water either way at the four cardinal points 
at any moment, calling the one facing the moon S. 
and tie others N. E. W. according to their relative 
positiona, the moon going in the direction E. S. W. N. 
relatively to the earth's rotation faster the other way. 
But the two forces together produce a tangential fore© 
towrads S. which is greatest at the half quarters S. K 
and S. W. called octants ; on the back side of the earth, 
where the other imaginary half of the moon is, there 
is a similar pair of tangential forces towards N. greatest 
at N. E. and N. W, Therefore no head of a wave can 
Ue at any of those intermediate places, because it would 
be immediately pulled forward by the tangential force, 
which is there unbalanced by any other, since gravity 
at the top of a wave does not urge the particles one 
way more than the other. The statical theory neglects 
this tangential force, which is really the most effective, 
because it is not resisted by gravity. Consequently 
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the prolate spheroid must not only fall a long way back 
from the moon, as I said, bnt must fall back the whole 
90", and lie at E. W. — bitt for friction, which we will 
conaidei presently. Thus we see that the true theory 
of the tides leads to the apparent paradox that the 
moon's attraction on the tide in motion produces 
not high water under the moon, but low. And this 
further odd-looking result follows ; that the water, 
though not the wave, under the moon (and opposite) is 
always flowing backwards ; for we saw that the water 
below the mean level of an advancing wave flows back- 
wards. There are other ways of proving that, inde- 
pendently of friction, there must be low water under 
the moon ; see the note to last page. 

Now let us consider the effect of friction which tends 
to retard all movements of the water. If the wave's 
head is at E., a cardinal point, there is no lunar tan- 
gential force, and gravity acts no more forwards than 
backwards at the top of a wave ; but the particles of 
water are advancing with their greatest velocity there, 
and therefore with the greatest friction against them. 
Consequently that unbalanced force of friction would 
cany the wave head farther back, from B. towards N. 
But how far will it go? Between E, and N. both 
friction and tangential force would urge it still back- 
ward, and gravity does nothing to help it forward ; and 
therefore it cannot stay there. And we know it cannot 
be at N., for that is opposite to the moon. But between 
N. and W. it can be, for there the friction acts back- 
wu^ds or towards W. while the tangential foree 
always acts towards N. and 8. ; and so the forces can 
baluice each other there and produce equilibrium. 
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Thua the head of the spheroid, which statically belonged 
to S, facing the moon, has fallen back 225° from S., and 
thereby the spheroid looks as if it had only fallen hack 
45° by friction according to the statical theory, and all 
the other apparent effects upon the earth are the same. 
This last proof is substantially Mr. Heath's, Sir G. 
Airy haying given none of that kind for the ftiction. 
I think however that the necessary attitude of the moon 
towards the tidal spheroid in motion, with friction, may 
be shown independently and more simply thus. Let the 
strong elhpse in this figure 
be a section of the spheroid 
moving to the right, or east- 
ward relatively to the earth, 
in or near the plane of the 
moon's orbit ; and the dotted 
ellipse the section a very 
short time after; the interval 
being exaggerated here for dis- 
tinctness. Aa, B& are the apses of the ellipse, and J)d, £e 
the nodes where it would cut a circle of the same area, 
which therefore represents the mean level of the sea all 
round the earth. And the same is true of every stratum 
of the sea, assumed to be of the same depth all round, 
because the tidal forces reach the bottom. It is evident 
that the shape of the two great waves rolling eastward 
can only be kept up by the water rising fastest at the 
advancing face X)d of each, and falling fastest at the 
back Ee ; and that the water must run forward fastest 
at Aa and backward fastest at Bb, in order to pile itself 
up at J)d and pull itself down at Ee : which agrees 
with the other proo&, both aui^ytical and geometrical, 
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that the water is always advancing or receding most 
when it is most above or below ita mean level ; though 
this may not be bo in mere wind waves, or at the turn 
of the tide in channels ; and even in the genuine tidal 
wave the horizontal motion is probably too small to be 
easily perceived (p. 183). 

We most remember that as there is motion of the 
water both ways there is friction both ways, but most 
against the advance ; formore water must advance than 
recede, or else the tidal attraction would run ronnd 
the earth drawing no water after it though the water is 
free to follow it, which is absurd. And further, it is 
easy to prove that the quantity above mean level, and 
therefore advuicing, is greater than that below it. 
Make an ellipse of thick paper with any semi-axes not 
very different, say 5 and 4 inches to make the result 
clear, and intersect it with a concentric circle of the 
same area; whose radius therefore = y" 5x4 or4-472. 
Cut the ellipse into what may be called quadrants 
through the diameters X)Cd and £Ce, and weigh them ; 
you will find those that contain the major axis con- 
siderably the heaviest. 

Now where must our two opposite half-moons be to 
produce the proper motions of all the particles of water ? 
There wants a force to pull it forward at the apses Aa, in 
the direction of the arrows there, and backward at the 
apses B6, and to overcome the friction. If any force 
is to act at J)d besides the meeting of the currents, it 
clearly ought to be a force outwards, tending to raise 
the water ; and conversely the force at Ee ought to act 
inwards to lower the water. The apses being maxima 
and minima of height, the heights are stationary there 
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fot a short time, by the umTersal law of masima and 
miniuia. Ton see at once that moons in the diameter 
DCd extended will produce a differential tidal force 
outwards at D(2, and a contractive force inwards at E«, 
and the resulting tangential force at a maximum both 
ways in the direction of the arrows at At*, B6 ; which 
is also strongest at Aa, where there is the most water 
to be moved, and the most water is resisted by Miction ; 
because all the tidal forces vary as the radius on which 
they act. Thus every required condition is satisfied 
by the moon being at the octant in advance of the 
head of either tidal wave. 

As the moon does not go round the earth daily in 
the plane of the equator, but is above or below it 
except on some two days in the month, she generally 
pulls the tide obliquely, which makes it rather less 
than it would be directly. The average lunar tide or 
difference between high and low water is calculated 
under the wave theory to be barely 2 feet, and there- 
fore the solar tide will be nearly i ; which makes the 
spring tide nearly 3 and the neap only i fijot in the 
open sea ; and this agrees with observation on solitary 
rocks in the ocean which impede and therefore raise 
the tide very little.* 

Retardation of the earth by the tides.— The 
friction between the water and the earth must affect 
the earth's rotati on. Suppose the earth to be stiU, and 
the moon brought into action anew and dragging the 
water round ; it is evident that in time it would 
impart some motion to the earth in the same direction. 

* Ab at Bookall in the Atlniiiic 160 miles off Ireland.—' Gallerfof 
Natore,' p. 199. 
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And thongli it is not the watei bat the tidal wave 
that goes round with the moon, still the water does 
in some degree, as we saw jnst now. 

Yon may say that when yon send forward wares in 
a rope by shaking it at one end the rope does not go 
forward ; but some air goes forward on that side of ^e 
rope which yon first move it to, and one side of the 
rope only represents the surface of the wave. And as 
the earth rotates 27*32 times faster than the moon goes 
round it, the friction of whatever water goes (or rather 
stays behind) with the moon must retard the earth's 
rotation. 

This same attraction acts reciprocally on the moon, 
osiA. we must consider now in what direction. What 
we called ' behind ' when we treated the earth as 
non-rotating, really means eastward of the moon, and 
that is before her when we consider her real motion 
eastward round the earth, and not round any place on 
the surface of the earth, which by rotating faster makes 
the moon appear to go the other way. Consequently 
this reciprocal force tends to pnll the moon forward in 
her orbit, i.e. to increase her centrifugal force, and 
therefore her distance &om the earth, and therefore 
her period, and therefore it is practically a retarding 
force as regards her revolution round the earth. 
This must in some unknown degree diminish the moon's 
* secnW acceleration,' which we shall consider presently, 
and shall find to be compounded of a real acceleration 
of the moon uid a real retardation of the earth's rota- 
tion, making together an apparent acceleration of the 
moon twice as great as is due to the one oanse (difierent 
from this) which can be estimated. 
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No Centrift^al Tide. — I had better notice here a 
sort of tidal paradox which a very great mathematician, 
who explained it to me, confessed bad puzzled him 
when he was learning astronomy. It seems as if the 
centrifagal force round the centre of gravity Gt ai earth 
and moon ought to throw the water outwards on 
the side of the earth farthest from the moon, which 
we lately called N and which ia nearly 7000 miles be- 
yond G, just as centrifugal force enables you to swing 
roimd a bucket full of water if you do it fast enough. 
In order to measure such a tide (if it existed) I must 
tell you that eentrifogal force =» radius x (velocity of 
rotation)*. Velocity is always reckoned per second ; 
and 80 this velocity is 360° or 6*283 -i- the seconds 
in a sidereal lunation, which are 2,360,680 ; and we 
may call the radius of rotation 7000 x S^So feet, 
gravity being always reckoned in feet per second, viz., 
32*2. From this you may easily find that this centri- 
fugal force would be about a 127,000th of gravity, 
which is above 30 times the greatest tidal force of sun 
and moon together (p. 174). So that if this force 
really existed, a great part of England and Europe 
would be submerged by this tremendous tide daily. 

But it does not exist ; or rather, there is no more 
centrifugal force at K than anywhere else on the 
earth, or than at its centre 0, and that is the general 
centrifugal force which balances the moon's attraction, 
just as that in our much greater orbit round the sun 
balances his attraction. This, in short, is only another 
branch of the rotation fallacy. The earth's rotation 
is round C, not G, and must be excluded altogether in 
considering this question; and so excluding it, the 
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line C N always keeps parallel to itself while C goes 
round G in a month ; or N and every othei place in 
the earth descrihes a circle of exactly the same size as 
C does. Consequently there is no excess of centrifngal 
force anywhere, and no tendency to throw the water 
outwards any mote than from out motion round the 
sun, which gives us a ceuttifugal fotce 74 times as 
great as the centrifugal force of every part of the 
earth round an axis through the c. g. of the earth 
and mooD. By some extraordinary oversight, however, 
this centrifugal error found its way into the pages of 
so distinguished an astronomer as Professor Newcomb 
when writing a Popular Astronomy ; and a similar one 
into his explanation of Precision ; and the very odd 
statement that Easter is the only festival which in 
Christian countries depends on the moon (p. 48). It 
would be more correct to say that Christmas is the 
only great one that does not : wisely or ouwisely is 
another question (see p. i66), 

DIST0RBANCES OF THE MOON. 

There is scarcely one element of the orbits of the 
planets or their moona that is not subject to continual 
disturbance, by the attraction of every other body which 
is large enough and near enough to affect them sensibly. 
All these disturbances in one way or other ultimately 
compensate themselves : some of them first moving the 
body, or its orbit, a little in one direction, and then an 
equal distance the other way : others producing reces- 
sions or advances of nodes or apsides, which in time 
work round ; and there is one remarkable acceleration 
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of the moon, wMch has such an enormonsly long period, 
tliat it may be said to increase perpetnally, though the 
time wiU come for it to change. It is quite beyond the 
Bcope of an elementary book like this to describe all 
the inequalities (as they are called) of the moon alone, 
to say nothing of the pliuiets. Here and there I must 
notice a few of tliem, as I have already precession and 
nutation — a disturbance upon a disturbance of the 
earth. The following are the most important lunar 
disturbances, which are explained in somewhat different 
ways and at greater length, in Herschel's Astronomy, 
Airy's Gravitation, and Newton's Principia, where the 
problem was first solyed. I think Airy's explanation 
much more perspicuous than Herschel's ; bat nothing 
of tiiat kind can be easy. They are also explained in 
another slightly different way in Proctor on the Moon. 
Moon's Secolar Acceleration. — We saw at p. 50 
that the minor axis of the earth's orbit was less, or 
the eccentricity greater, 20,000 years ago than it is 
now ; and the minor axis will increase for 24,000 years 
yet, while the major lais remains unaltered. So 
the sun's average (but not mean) distance from the 
earth and moon increases, and his power to disturb the 
moon decreases. Now let us see what that disturbance 
does. The sun attracts the new moon more than the 
earth, and the full moon less, because of their difference 
of distance : therefore at both syzygies (as the places of 
new and full moon are called) the sun's differential 
force practically diminishes the earth's attraction on 
the moon. When they are equidistant from the sun 
he draws them closer together, as you would two 
separated balls by pulling them with strings of equal 
O 
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length. Bat this contracting force may be ptoTed to 
be only half as great as the differential force, as in the 
similat case of the tides (p. 173). At intermediate 
places both forces are evidently less ; and at certain 
points nearer qnadratnie (or hedf-moons) than syzygy 
they balance each other. Therefore on the whole the 
differential force greatly preponderates, and weakens 
the earth's attraction, and so enlarges the moon's orbit ; 
and therefore her time of performing it is longer than 
if there were no sun. But as his power of thus retard- 
ing the moon decreases with the increase of his average 
distance, she is eomparoHvely accelerated the 416th of 
a second of time every year, which aocnmnlates to 12 
seconds in a century by arithmetical progression. And 
she gets nearer the earth about an inch a year, or 
8 feet in a century, as stated by Professor Adams in 
the B. A. S. 'Notices,' xx. 228. 

The Annual Equation, — As this retarding force is 
greatest in winter, when the sun is nearest (p. 50), the 
moon falls most behind her mean place in April, after 
half a year's excess of retardation, and similarly gets 
11' 12" before it in October. This is called the Anmidl 
Equaium ; but the mean place here referred to is the 
mean elliptical place, which is found by applying the 
equation of the centre (p. 48) to the mean place which 
she would have if she moved in a circle. Its greatest 
amount is 6° 18', which is equivalent to I2h. 24m, 
since the moon goes very nearly i" in 2 seconds. 

But now comes a most remarkable result of the latest 
investigation of this small advance of the moon : which 
is apparmily not &e 1 28. just now mentioned, but 24. 
From one cause or another she is always 24s. or 12" 
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past the meridiaD at the time when she would jnst be 
there if she had kept her mean apparent velocity of 
100 years before. This was first ascertained by Halley 
in 1693, from a comparison of old observations, bat 
not ao^unt«d for nntil Laplace explained it as I 
have described, nearly a centory afterwards. And 
all the astronomers who followed him considered his 
calculations complete ; though calculations of this kind 
are on]y approximate, and made on the principle of 
taking into account all the quantities which are not too 
email to be appreciable. But Mr, Adams, taking up 
the matter afresh in 1853, discovered that they had all 
disregarded something which was large enough to 
reduce the accelerating effect of the increase of the 
minor axis of the eariJi's orbit by one half. Thus half 
of -the observed acceleration was again left unaccounted 
for, and where is it to come from ? 

Laplace's calculation, with some later corrections 
for other disturbances, appeared to account so well 
for the long olserved acceleration of the moon that 
Adams's impeachment of it seemed an unnecessary dis- 
turbance of what was comfortably settled, Le Verrier, 
Hansen, Fontecoolant (who wrote to the B. A. 8. about it 
in i860 ) and the foreign astronomers generally, except 
Delaunay, insisted that he was wrong. But they had 
eventually to admit that he was right, as our own 
best mathematicians saw at once, and that the appa- 
rent concurrence of theory and facts was due to an 
accidental compensation of errors, i.e. of overlooked 
causes acting in opposite directions. 

Then came the suggestion that the required cause 
was to be found in tiie retardation of the earth's 
' O 2 
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rotAtion by the tide (p. 1 89), and Delaimay calculated 
its probable amount ; though in a case of such compli- 
cated fluid friction it is difficult to believe that any 
calculation of exact amountB can be relied on. Sir 
G. Airy, in the paper (in R. A. S. ' Notices,' vol. xxvi. 
before referred to), thought he had demonstrated that 
the tide can produce no such effect ; but he afterwards 
TFTote an ' addendum ' to it, saying that he found it 
did. Indeed the conclusion seems as evident without 
mathematics as with them, when once it is suggested. 

There still remains however the element of uncer- 
tainty described at p. 190, in the unknown amount of 
retardation of the moon by the same tidal action which 
retards the earth's potation. All that we know for 
certain, by comparison of old and modem observations, 
is that the total apparent lunar acceleration is 24 sec. 
(of time) in a century, and that 12 of them axe due 
to the diminution of the sun's average attraction on 
the moon by the increase of the minor axis of our 
orbit. The other 1 2 must consist of some unknown 
quantity, more than 12, due to the earth's rotation, 
diminished by some other unknown quantity due to 
the reciprocal tidal retardation of the moon. 

If we disregard this last effect as inappreciable, 
the result is that any meridian, treated as a hand of 
the earth's clock (and all our clocks only represent 
the earth's rotation), would be 12 seconds slow at the 
end of 100 years by a clock which had gone uniformly. 
If you wish to know how much a day the earth must 
lose to produce this result, you must remember that 
the daily loss accumulates by arithmetical progression 
into this loss of 12 sec. in a century; and that makes 
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the daily loss the 57,ooo,oootli of a second; which 
(by simple addition, not arithmetical progression) 
makes the day a 62nd of a second longer now than 
it was 2500 years ago. 

By the rule given at p. 1 14 for a long arithmetical 
progression you may practically say that the effect 
in 25 centuries is 625 times that in one century : 
and therefore the real and apparent advance of the 
moon &om both causes together has accumulated to 
2°, or 4 times her own diameter, or 4 hours, in 2500 
years. And that might make a difference of 4 hours 
or 60° of longitude in the places which would see a 
total eclipse. The acceleration of the moon, reckoning 
forwards, is of course a retardation of the moon or 
diminution of hei longitude at any giyen time long 
ago: and in like manner the earth's rotation must 
be quickened backwards. Suppose that without either 
kind of ' secular acceleration ' there would have been 
a total solar eclipse at noon in London exactly 2500 
years ago, reckoned in hours of the present length ; 
then in fact the moon had not reached conjunction 
by 2 hours or 1° of her longitude, and London had 
passed the sun or the sun had passed the meridian 
2 hours, and had passed it 4 hours by the time the 
moon reached the line ofcoujunction or of mid-eclipse ; 
so that London probably saw no eclipse, as a total one 
cannot last 3 hours in this latitude all across the earth. 

Mr. Croll pointed out another permanent effect of the 
tides on the moon herself.* The solar tide wave must 
retard the motion of the earth round the centre of 

* In the ' PhiliMophioBl Jonnud ' of August 1866. 
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gravity of the earth and moon, in the same way as 
the lunar tide retards the motion of the earth round 
its own centre of gravity, and must therefore gradually 
diminish the distance of the moon. For if the earth's 
rotation took a month, the Innar tide would only be a 
stationary and therefore invisible elevation of the water 
in one place ; but the solar wave would move round it 
in the month in consequence of the earth's monthly 
revolution round the joint centre of gravity ; and that 
most destroy some of the force of that motion or of the 
earth's centrifogal force round that c g. The moon 
is not directly affected thereby, hut the earth is 
brought nearer to the o. g., and therefore their distance 
is diminished, and their orbit round the joint c. g. made 
smaller and therefore quicker. I do not know that any 
calculation has been attempted of the amount of these 
disturbauees, and it must be much less than the others 
which we have been considering. 

MeasTire of the disturbing forces. — We can easily 
calculate the proportion which the • differential and 
contractive forces bear to the ordinary earth-force on 
the moon, at the places where they are each greatest, 
ie. at syzygies and quadratures respectively. The 
earth's force on the moon is the mass of earth +nioon, or 
earth x 1*0123, divided by the square of their distance, 
as we want to consider the earth at rest (p. 24). The sun's 
mean distance is about 385 times the moon's, which we 
will call d for shortness, and we want to see how d affects 
the results. Then the difference between, sun's attrac- 
tion on new moon and earth is the difference between 

sun , sun , . , , 
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&actioDB, and dividing numetartor and denominator 

r « ■ 7693101 , . , 

'y *' " I4MS6 X 148,225 J ' """^ "8™ ™'y 

nearly = Tx gX-c ' dV "* y**" ^"^ ^^'^ ^^ intiX. But the 
sun ia 3 1 8,740 timm aa heavy as the earth and moon 
together ; and substituting that figote for ' sun ' you will 
find the differential force is to the earth's attraction, 
or (earth+moon) -j- (?, aa r to Sg-J. In like manner 
the differential force at ftiU moon is the difference 
between ^^ aurl »^" - 77^ a"n 

~/~e — 3Y3 ^^^ nearly; which, with the same figure 
for the sun, makes the proportion of the differential 
force to the earth's attraction I to 90*2. Bat when 
we have no need to distinguish them they are both 

treated as -^, which we shall see presently is necea- 

sarily for another reason very near the mean value of 
the disturbing force at ayzygiea. 

Ton will see the consequences of this slight excess 
at new moon over fall presently. But you have here 
the proof that the differential force varies inversely as 
the cube of the sun's distance, and directly aa twice the 
difference of distance of the earth and moon : and you 
would find also that the difference of the differential 
force at new and full moon varies inversely as 
(distance of sun}* : all which ia very like the case of 
the tides. Similarly we should find that the contrac- 
tive force, which is half the differential when they are 
both at their maximom, is measured by the distance 
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of the mooE sideways from the line of ayzygies, divided 
by the cube of the son's distance. And the disttirbiag 
forces at all inteimediate places bear some fixed pro- 
portion to the differential force, according to the 
position of the moon, and therefore that is the ultimate 
measure of them all. 

It may seem odd, but it is the fact, that the magni- 
tude of the sun's mean disturbing force on the moon 
depends on the proportion of the length of the year 
to her sideieAl month of 27*32 days, which proportion 
ia I3'37, and the square of that ia yery nearly 179. 
This is no accidental coincidence, but a necessary result 
of the law of gravity, which we shall see afterwards makes 
the square of the period of any moon or planet = 4 tt* 
(or 39"S) X the cube of the distance of the 'primary ' 
round which it goes, divided by the mass of the 
primary. Call the sun's distance D as we called the 
moon's d. Then the differential force is to earth's 

i X sun , earth, , ,. .,. , ., , ,, 
~n» to— - jg or (diTiding both by a) as 

2 sun , earth 2 . I „. „„ „ i„ year" 

^, -to . — == — or as — s to n-i or as 2 to ^ ^ 

D' or year^ montn' month" 

or as 2 to 179. But it is an accidental coincidence 
that the sun's total attraction on the earth is nearly 179 
(viz. i76'6)timesthemoon's, though his tidal attraction 
is much less. 

Since the differential force, which diminishes the 
earth's attraction, varies from o at quadratures to g^ 
at syzygies, its mean is a 179th; and the mean of 
the contractive force acting the contrary way is half 
as much ; and therefore the earth's attraction is re- 
duced a 358th on the whole. As the moon's period' 
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is inversely as the attraction or mass of the earth, any 
small dectease of that produces half as much increase 
of period ; or the moon's period is lengthened a 7 1 6th 
by the sun — assuming her mean distance to remain the 
same. Whether it would or would not be increased, or 
diminished, by the imaginary abolition of the sun's 
attraction, depends on the relative position of the three 
bodies at that moment." 

Tangential and radial forces.— Now let us eoe what 
else the differential and contractive forces do, besides 
this lengthening of the period, subject to the small 
secular diminution of it. As both forces are acting 
at every part of the orbit except syzygy and quadra- 
ture, where they alternately vanish, they must combine 
to produce a resultant force in some direction between 
them, as two winds blowing across each other would 
send a ship in some diagonal course between them. 
As the difTeiential force always acts from the line of 
quadratures, QQ in the figure at p. 206, and is propor- 
tional to twice the moon's distance thereirom, it always 
accelerates her from quadrature to syzygy and retards 
her from syzygy to quadrature. And as the con- 
tractive force always acts towards the line of syzygies 
SS, and is proportional to the moon's distance therefrom, 
it also accelerates her towards syzygy and retards her 
after syzygy. Thus a part of both these forces, when- 
ever they both exist, is always resolved into a tangential 
force, which accelerates before syzygy and retards after 
it ; and the rest is resolved into a radial force, which 

* I h&d to thank Professor Adams for more iafarmation tban I oould 
nie hare on this point, which is either evwied or treated verj imper- 
feotlj in all the books I baie oonjtiilted. 
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acts vith the earth's attraction for 35° on each side 
of qoadrature, and more strongly against it for 55° 
on each side of syzygy. At 55° from syzygy they 
balance each other, and the radial force vaitishes ; 
but the tangential force is greatest half way between 
syzygy and qnadrature, at the places called octants as 
in the case of the tides p. 185, and there it amounts to 
f of the differential force at the adjacent syzygy : but 
this cannot be proved here. 

You will easily see that the sun is really a little 
fiirther &om the moon than the earth at true quadra- 
tures or 90° from syzygy. But the difference is only 
4I', the angle corresponding to half the moon's dis- 
tance divided by the sun's ; which is too small to affect 
any calculations that can be given here ; and so is the 
inequality arising &om the sun's force in the plane of 
the moon's orbit being rather less according to her 
distance &om the ecliptic, where she never is except 
at the nodes. In the figure at p. 206 I have marked 
the forces with arrows according to their directions, 
and I have given the radial force at syzygies two 
arrows, because it is double of that at quadratures, 
except so far as they all vary with the moon's distance 
from the earth : e.g. the tangential force at A (say) 50° 
after Sj exceeds the tangential force at P, 50° after Sj 
aa much as EA exceeds BF. 

Variation. — This constant acceleration up to syzygy, 
and retardation after it, makes the moon alternately 
35' 42", or rather more than her own width, before and 
behind her mean longitude; and this is called her 
variation. You would probably expect it to carry her 
farther away from the earth at syzygy than quadrature. 
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But it does just tlie contru^. For the moon going 
fastest at syzygy, from a cause different from the 
earth's attraction, Ib least drawn out of her forward 
coarse by the earth Mid goes farther on towards 
quadrature ; and so the orbit becomes an OYal with 
its sides at syzygy and its ends at qoadratare, and the 
minor axis a 70th less than the major (supposing the 
undisturbed orbit to be a circle). But you most not 
confound this secondary oval, having the earth in its 
centre, with the much more elliptical general orbit of 
the moon, having the earth at the focus, of which this 
is only a distuilMiuce. 

Parallactic inequality. — We saw just now that both 
the differential and contractive forces, and therefore 
their resultant tangential force, are a little greater 
on the sun side of the orbit than on the opposite side. 
Consequently the ' variation ' at new moon exceeds 
that at full moon by 2' 6". This difference evidently 
depends on the proportion of the moon's distance to 
the sun's ; which may be more exactly proved as 
follows. If yon work ont the calculation at p. 199 
completely, keeping the moon's distance as d, but in- 
creasing the sun's to 400 (!, as it used to be reckoned, 
and increasing his mass to 357,050, in proportion to 
the cube of the distance, yon will find the average 
disturbing force the same as before, but the difference 
between its two extremes a little less. And with scone 
trouble you might find, what I said before, that this 
difference of the differential force at full and new 
moons = 6 X sun's mass (in each case) divided by his 
distance* (or distance x cube of distance). But since 
the mass bears a fixed proportion to the <Ustance', that 
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leaves this iaeqaality to vary iayeraely as the sun's 
distance, as Ms parallax does. Hence it is called the 
parallactic inequality. It is in fact the Tariation of 
' the variation.' And this alone of all the disturbance 
gives any measure of the sun's distance. Its obserred 
excess over the amount due to the sun's old distance 
first led the late Professor Hansen of Gotha in 1854 to 
think that the distance had been over-rated ; which 
was afterwards proved by other means (see p. Ss)- 

Subject to this small difference of 2', the ' variation ' 
compensates itself in opposite halves of the orbit — 
provided the two halves are alike in the long run ; 
but they aie not, for there is a gradual decrease in 
the moon's mean distance, as explained at p, 186; 
and this is the canee of that error in Laplace's calcu- 
lation of the secular acceleration discovered by Adams 
in 1S53. I am not aware that any non-mathematical 
explanation of it can be given. 

The advance of the apsides may be shortly proved 
as follows. It is only necessary to remember first, 
that the sun's disturbing force on the whole weakens 
the attraction towards the earth, 

The undisturbed apogee is the place where the moon 
would begin to move towards the earth if there were 
no sun ; but if the earth's attraction is weakened there 
it cannot pull the moon round the comer so quickly, 
and she will carry the apse along with her a little. 
At perigee she begins to leave the earth again ; bat 
if the earth's attraction is weakened there, she will 
begin to leave sooner than she would otherwise ; 01 
that apse comes sooner, or recedes. But these opposite 
effects by no means balance each other ; for t^e dif- 
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ferential force varies as the moon's distance from the 
earth, which 19 about a 19th greater at apogee and a 
19th less at perigee than at mean distance. Besides 
that the earth's attraction is itself about a 9th less at 
apogee and a 9th greater at perigee than at mean 
distance : and we found at p. 199 that the mean dif- 
ferential force is a 179th of the earth's mean attrac- 
tion. Therefore in the long run the differential force 
diminishes the earth's actual attraction at apogee by 

?2. X — X — = J_ but at perigee only — x - x -L = -L 
19 9 179 153 ' ^ ' 19 9 179 213 

whenever the apses are in syzygy and the effect of the 

forces in disturbing them ie greatest. The effects of 

the contractive force must be opposite to those of the 

differential force ; but as we saw at pp. 173, 199, only 

half as great. Therefore on the Whole the advance of 

the apses preponderates over their recession. 

The sun then would drive the apses forward even if 

he stood still : for we have said nothing yet aboot his 

motion. Sut he goes round the earth tbe same way 

as the apses, and therefore drives them faster. He 

also stays in company with a progressing apse, keeping 

up its progress, longer than with a receding apse which 

he only meets, and thus makes them progress still more. 

And tJiough the tangential force is balanced on each 

side of any diameter of the orbit, and therefore does 

not advance or retract the apses directly in the long 

run, yet whenever it advances them it keeps them 

longer in company with the sun, and vice versS ; and 

thus indirectly it augments the effects of the radial 

force. And by these two causes the advance of the 

Apses is made twice as great aa it would be without 
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them, viz., 3° in a sidereal iTination. In the same way 
the apses of the earth's orbit are carried round by the 
attraction of the exterior planets ; but in i io,S8o years 
instead of 9, as their disturbing force is much weaker. 
Change of ecceDtricity. — The sun also disturbs the 
eccentricity of the moon's orbit. In the figure be- 
low, which I have described already at p. 198, P and 
A are perigee and apogee for this one position of the 
orbit or of syzygy and quadrature with respect to 
perigee eind apogee : other positions would want other 
figures, but this will serve our purpose. 

I. When the moon is at the syzygy Si she is ap- 
proaching perigee, or the radius vector is decreasing ; 
but the radial force there aoto against it and tends to 
keep the radius &om shortening so much, and there- 
fore makes the orbit less eccentric (p. 45). At the 
opposite syzygy Sj the radius is lengthening, and the 
radial force tends to lengthen it still more, or to in- 
crease the eccentricity. We must see then which pre- 
vails. At 83 the moon is farther off, and going slower ; 
and so the disturbing force is both greater (p. 198) 
end has a longer time to act : therefore the increase 
of eccentricity prevails thus 
far. 

2. At Qi the radius is 
lengthening, but the contrac- 
tive radial force acts against 
' it, and therefore diminishes 
eccentricity. At Qj, after 
apogee, the radius is shorten- 
ing, and the contraotiveforce 
helps to shorten it and therefore increases eccentricity. 
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And QjE IB greater than QiH, and therefore ^ain 
the inctease prevails. At all these places there is 
no tangential force. 

3. The tangential force, retarding from syzygy to 
quadratnie, diminiehes the moon's Telocity at P, and 
therefore diminishes her centrifugal force, or power to 
fly farther off from perigee, or to increase her radins 
Teotor ; and so the eccentricity is diminished hy the 
tangential force at P. But it is increased by the 
tangential force retarding the moon at A and weaken- 
ing her power to resist the earth's attraction, which 
shortens her radins faster than if she moved quicker 
and had more centrifugal force there. And the force 
is both greater and acts longer at apogee than perigee ; 
so ^ain the eccentricity is increased. At intermediate 
places near Q, and Sg the effects of the tangential force 
balance each other pretty nearly. 

The result is that all the disturbing forces increase 
the eccentricity when the moon has to pass through the 
apses before quadrature and after syzygy. You may 
easily infer that the eccentricity is diminished when 
she has to pass the apses after quadrature and before 
syzygy. And when they lie in either syzygy or quadra- 
ture the forces balance each other and do not disturb 
the eccentricity, Neyertheless it is greatest when the 
apses are in syzygy and least when they are in quadra- 
ture. For those places move round the earth with the 
sun in a year, whSe the apses take nearly 9 years to 
reTolve in the same direction ; therefore Si is approach- 
ing P whenever they are in the position of this figure, 
in which the eccentricity is increasing ; and it goes on 
increasing till syzygy has reached the apse, and con- 
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sequently it is greatest then, or soon after (see p. 
1 80). Similarly it is least with the apses in quadrature. 
And on the whole it is half as great again with the 
major axis in syzygy as the quadrature. 

Evection. — The variation of eccentricity and the 
irregular motion of the apses produce together the 
largest and earliest ohserved of all the lunar iuequali- 
ties ; which was called Eyection, or the carrying away 
of the moon from her mean elliptical place by as 
much as 1° 20' alternately backwards and forwards ; 
making her oscillate through 5 times her own width 
in the time of the sun's passing the moon's perigee 
twice, or about a year and 6 weeks. Consequently 
it depends on, or is a ftmdion of, the difference of 
longitude of sun and moon, and also of the true 
anomaly or moon's distance from perigee, on which the 
motion ofthe apses depends. You see then that the evec- 
Uon is not itself a disturbance of the moon like the vari- 
ation, but is the result of two disturbances of her orbit. 

Recession of the nodes. — In all these eases of 
disturbance the orbit that we speak of as if it were a 
ring capable of being mored, ia the instantaneous ellipse, 
which the moon would go on describing thereafter if 
the disturbances were stopped. The recession of the 
nodes of her orbit on the ecliptic is caused by the 
attraction of the sun on the moon, exactly as the pre- 
cession of the equinoxes, or nodes of the equator and 
ecliptic, is caused by the attraction of the sun and moon 
on the equatorial protuberance ofthe earth, which may 
be considered.a ring of satellites stuck together. Here 
we have only the motion of one satellite to consider. 

But the effect of the sun and moon's attraction on 
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the equatorial ring or 'elliptical exoeBa' in causing 
precession is much less than it would he if there were 
not a sphere many times heavier inside, which has to be 
dragged round with it in giving the twisting motion to 
the earth's axis. The bulk of the elliptical excess is 
a 149th of the whole earth (an oblate spheroid and the 
sphere within it being in the proportion of the squares 
of their different axes) : but the inside of this is at least 
3 times denser than tbe outside (p. 34) ; and therefore 
the mass of the whole earth is probably near 500 times 
that of the elliptical excess. Again, that is not really 
concentrat«d into a ring, but spread over the whole 
surface from 13 miles thick at the equator down to 
nothing at the poles. Moreover the forces which pro- 
dnce all the disturbances vary as the distance between 
the two disturbed bodies, and. the moon is 60 times 
farther &om the earth's centre than the equator is. 
From all these causes together the nodes of the earth's 
equator recede 1390 times slower than those of the 
moon's orbit. 

I . As the sun occupies all sorts of positions with 
respect to the nodes during a year (or rather less, since 
the nodes revolving backwards meet the snn again in 
346*607 days) we must consider them in succession. 
First let us take the nodes in quadrature. Then the 
tangential force urges the moon forward as she rises 
to syzygy and to her greatest latitude from the ecliptic 
Besides that, there is always a force towards the ecliptic, 
as the sun's differential force is always trying to pull 
the near side and push the far side of the moon's orbit 
down to the ecliptic, except when he is himself in the 
line of nodes and therefore in the plane of the moon's 
p 
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orbit. Tliis is called the resolved force of the eun 
towards the ecliptic. 

Now if the moon's apparent path in the hearens, 
rising from the ecliptic and coming down to it again, is 
opened out into a flat picture, as at p. 70, it will look 
like the path of a stone or a ball shot &om the ground 
at an angle of 5°, coining down to it again at the 
same angle, the place of falling corresponding to the 
next node. But that disturbing force of the sun 
which acts towards the ecliptic is the same as if a 
wind blew down upon the ball ; and the effect of 
that would manifestly be to make it reach the ground 
sooner, or the node to recede. Also while the ball 
is rising, the downward force would evidently keep 
diminishing the angle of inclination of its course; 
but would increase it while &lling ; and so the incli- 
nation would end as it began ; though the moon or the 
ball has not risen so high aboTO the ecliptic or the 
earth, nor gone eo far, as if the disturbing force had 
not acted. 

The tuigential force, which always urges the moon 
forward from quadrature to syzygy, tends to postpone 
her arrirfd at the next node, and also to make her 
course straighter 01 the inclination of the orbit less ; 
but the same force acts the contrary way from syzygy 
to the next quadrature and node, and so those two 
balance each other. 

2. Next let the nodes be in the line of syzygy. As 
the sun is then in the plane of the moon's orbit, he 
plainly can do nothing towards pulling or pushing the 
moon out of her orbit, or altering either the nodes 01 
(he inclination. And from these two oardinal positions 
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of the nodes we may conclude, that as they recede 
through the whole lunation in one case, and never ad- 
vance in the other, they must on the whole recede, even 
if they advance a little in some intermediate position, 

3. But we may as well complete the inquiry by 
seeing what happens when they are neither at quadra- 
ture nor Byzygy; and first, let each node be after 
quadrature. Then as the moon comes down to node 
from qoadiature, towards the sun, he pulls her forward 
out of the course she is taking, and so makes the node 
advance, ie. makes her reach the ecliptic later. In 
the opposite quarter of the orbit, the force acts 
similarly, and there also makes the node advance. 
But in the rest of the orbit the disturbing force is 
towards the ecliptic aa before, and therefore makes 
the nodes recede. 

4. Lastly let the nodes be before quadrature and 
after syzygy. Then while the moon goes up from node 
to quadrature, leaving the sun, he also pulls her back, 
which makes her course less parallel to the ecliptic, as 
a head wind would make the course of a ball, while 
rising, still less parallel to the earth : and that post- 
pones her arrival at the next node, or makes it advance. 
And the same things happen in the opposite quarter, as 
usual. But in the rest of the orbit the force is down- 
wards, or towards the ecliptic, and so the nodes recede. 
Therefore on the whole, as the nodes cannot advance 
through more than two quarters of the orbit in any 
lunation, 01 through more than half that quantity on 
the average, and recede in all the rest, our former 
conclusion was right, that the recession greatly pre- 
ponderates, 

pa 
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It we foUowed the inclination also throngh the two 
last cases, we should find that it is diminished when 
the nodes are in the third position, but increased when 
they are in the fourth, and therefore is not altered in 
a complete set of lunations, when the nodes and sun 
have gone all round each other, except by the minor 
disturbances beyond the scope of this book. Some 
small ones, due to the earth's ellipticity, will be noticed 
under Jupiter's satellites, in the nezt chapter. 

Sir J. Herschel said (' Outlines,' p. 524) ^at Hansen's 
dLscovery in 1847 of two lunar disturbances due to 
Venus ' accounted satisfactorily for her only remaining 
material difference between theory and observation,' 
i.e. a^r the ' almost innumerable ' mnltitude of others 
previously known ; and we must add, subject to the 
subsequent corrections of Adams and Delaonay above 
mentioned. One of them is caused by the variation 
in the distance of Tonus through the eccentricities of 
her orbit and the earth's; and that accelerates the 
moon for 136 years and then retards her for another 
1 36, reaching a maximum each way of 1 5" according to 
Hansen's latest figures. The other is due to the near 
coincidence of 13 years of Venus with 8 of the earth, 
which will be noticed afterwards. He calculated that 
that accelerates and retards the moon for periods of 120 
years alternately (which period will turn up again in the 
transits of Venus), with a maximum of 23" each way. 

fiut this last conclusion has lately suffered a worse 
fate than Laplace's secular acceleration ; for it has 
been reduced by recalculation, in several hands, to 
' insignificance ' ; and though the maximum was small, 
the loss of it is enough to prodace discrepfuicies firom 

c,q,t,=cdbvGoogle 



The JJumr Theory imperfect yet. 2 1 3 

which the late Astronomer Royal concluded that ' there 
is Btill some serione defectin the Innar theory ' ; * which 
I think the difScnlty of identifying the eclipse of 
Xerxes (p. 152) proves concluairely. This is another 
instance of the disturbance of an apparently comfortable 
agreement between theory and observation by the 
inexorable logic of mathematics — no donbt destined 
to be again set right by the discovery of some new 
diatotbance of the moon, which wonld otherwise have 
remained unknown, 

* SeeB. A.&'Notieei'foiKoTemberi87}. 
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CHAPTER IV. 

THE PLAJTETB. 

The earth is by no meane the only body that goes 
loiind the sun. In the earliest times of astronomy it 
was observed that there were five stars unlike all the 
rest in their behaviour; apjsarently going roond the 
earth (independently of their daily rising and setting) 
in longish periods, though with some irregular motiona 
backwards and forwards, two of them taking a year to 
go round on the average * and the other three taking 
nearly 2, 1 2, and 30 years. And we have now two more, 
taking 84 and 165 years. Those five wandering stars 
were therefore called planets. The ancients either 
named them after some of their gods, or their gods 
after them : for it is by no means clear which came 
first, the heathen mythoh^ and worship of false gods, 
or the belief in the planets infiuencing the bodies 
and fortunes of men ; the study of which is called 
I have no donbt that came first, for reasons 



* The apparent BTerage peiiodB of the two interior planets within the 
eftrth's orbit have no relation to their real period* round the ana, to 
whom the; only appear a« oonpanions ; and therefore their apparent 
retnnia to the tame atari onlj vary a little &om a year, bnokwarda and 
forwards. The exterior plaaets, which really go round the earth and 
its orbit, are not ho aOeoted, aud their average apparent periods oorre- 
apond to their teal ones. The appaieat retrogradation and atanding 
■till of all the planets KHiietitne* will be explained afterwordi. 
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which are not material to state here. The planets have 
still kept these old names, and no doabt always will. 
For the days of inventing names are gone for ever. 

The names of those fire old planets are Mercury, 
Venus, Mars, Jupiter, and Saturn ; and the days of the 
week are still named after them, with the addition of 
the Bun and Moon ; either directly, as Saturday, Sun- 
day, Monday, or through the S^od names for the 
others : thus Tuesday is the day of More (Tuisco), 
Wednesday of Mercury (Woden), Thursday of Jupiter 
(Thor), and Friday of Venus (Frigs). It is remarkable 
that the planets were not assigned to the days either in 
the order of their distances or their apparent eize. 

These five planets with the sun and moon were also 
the principal characters in that ' host of heaven ' which 
the idolaters of old worshipped long before the Greeks ; 
some of whom took Fanl and Barnabas for Jupiter and 
Mercury, and others worshipped an image of Diana, 
the goddeaaof the moon (Acts xiv. 12, and six.). The 
first Greek historian Herodotus says that the first 
Greek poet Homer, who probably lived about the time 
of the prophet Elisha, borrowed the names of Jupiter 
and most of the other Grecian goda from the Egyptians, 
who also practised astrology or divination by the 
planets, as the Chaldeans did (Herod. II., 4, 50,'; 3, 82), 
Baal and Ashtoreth were the gods and idols of the Sun 
and Venus, and Chemosh probably of Saturn ; and we 
know that the people of Israel were threatened and 
punished for burning incense to ' the gods of the 
nations,' Baal, the sun and the moon, ' the queen of 
heaven,' and ' the planets and all the host of heaven.' 
The Egyptian worship of the bull is thought by those 
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who have iDvestigated snch things to have arisen in 
the time when the sun rose for the vernal eqninox in 
Tauras from 4400 to 6600 years ago (see p. 63). 

Indeed no one who has inquired into both subjects 
can doubt that pagan idolatry was connected with the 
belief in the influence of the sun and moon ttaA. planets, 
and even the stars, on the bodies and affairs of men.' 
There is reason to believe that the things translated 
groves in somepassagesof Scripture, which were 'built' 
and ' set np on every high hill and under every green 
tree,' and carried out of the house of the Lord by king 
Josiah and burnt, and therefore certainly not groves of 
trees, were wooden machines representing the planets 
and their apparent motions,! and used as images of the 
powers then supposed to rule the world, rather than 
the Lord who made the heavens and all the host of 
them, and will one day ' make new heavens and a new 
earth wherein dwelleth righteousnras.' 

When Copernicus found out that the earth goes 
round the sun, he found the same of the planets also ; 
in other words he discovered that the earth is one of 
the planets. And people were at last driven to accept 
his tiieory or esplaaation of the planets' motions by 
finding that no other would account for them ; for the 
planets would not appear where they ought according 
to any of the other theories. But it was long before 
the reason of their motions was discovered, or 
even the full number of the pluiets. Sir Isaac 
Newton knew of no more than the five old ones 
and the earth, because the telescopes of his time were 
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not large enough, that ie, did not take in enoiigh 
planet-light at a mouthful, to show the emaller planets 
and the more distant ones which have been discoreied 
within the time of people now living. Copemicns did 
not even get so fat as to discoret that the planets 
describe ellipses, although it was known to Hipparchua 
1700 years before that the sun is not always at the 
same distance from the earth, because his disc is larger 
at some times than at others. The elliptic motion was 
discovered by Kepler soon after the year 1 600, together 
with two other remarkable laws of planetary motion, 
which I will explain hereafter. But he, like Copemicoa, 
only found that the planets obeenred these laws of 
motion as a fact. Xewton found the reason for them, 
and proved that every planet round the sun, and every 
moon or satellite round a planet, must observe them. 

The dimensions, weights, and motions of the whole 
solar system, which means the sun with its plauets and 
their moons, are now considered to be as follows. 

I. The first planet is Mercury 9 > 35i niillion* miles 
from the sun at mean distance, and going round him 
in nearly 88 days. By 'days* I mean our days, and 
not the planet's own days; for if we want to com- 
pare their periods or times of going round the sun, we 
must measure them aH by days of the same length ; and 
yon will soon see that there is no relation whatever 
between a planet's period or year and the length of his 
day or time of rotation. Indeed it is remarkable that 
the four nearest and smallest plauets have days of 
• I give the more preoise &gaim in the table at the end of the book 
where oothiag here tnniB on their prsaue amount. The flgOK' have 
kll been rednoed froin those previoiudj aooepted to Bait tlie amended 
ann'i dutance, u explained at p. 8j, and the new disooTerieo. 
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nearly or exactly 24 hours, and the four latest, which 
lie beyond a great gap in the systeni, have days 
not half as long, so fiir as is yet known. 

His diameter mast now be called 3070 miles ; and 
so he is not quite 3 times larger than the moon, but 
• more than S times as heaTy, becauBe he is rather denser* 
(1*144) ^0^ the earth, which is 17*17 times as large 
as Mercnry, but only 1 5 times as heavy. The snn is 
nearly 5 million times as heavy. But though Mercury 
is so small, he turns on his axis slower than the earth, 
his sidereal day being Si minutes longer than ours, 
He is always so close to the snn, never more than 29° 
off, that he Is difiScnlt to observe accurately, and can 
never he seen except d& a 'morning or evening star,' 
just before sunrise or after sunset. 

Mercury's orbit is the most inclined to the ecliptic of 
any (7°) and also much the most elliptical, the eccen- 
tricity being *2056 ; and therefore his greatest distance 
is *4666 and his least '3075 times our mean distance. 
But even this great eccentricity only makes the axis 
minor about one joth less than the major (see p. 46). 
I said that the earth moves through space 65,942 miles 
an hour ; but Mercury goes much faster, viz., 105,720, 
or nearly 30 miles a second on the average, but 35 at 
perihelion, which is 28 million miles &om the sun, and 
23 at aphelion which is 42 millions, calculated as I 
explained for the moon at p. 1 50. 

The apparent size of the sun's disc to a planet, and 
the light and heat received there, vary inversely as the 

* The deiultj U compared with the eutb's I^ dmplj dividinK the 
mBHB in the 6tli cdnmii of the table by the bulk In the ;th, and the 
apeoific gravi^ by mnltiplylDg that qnolient by y^, the earth's «p- gr. 
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sqnare of tlie distance ; but the apparent rftomefer of the 
disc Taries mversely as the distance only. And as the 
sun's apparent diameter here is 32', yon will easily 
calculate that at Mercury it varies from 1° 38' to 2° 29', 
and that the apparent size of the sun, and the light and 
heat, are from 5 to nearly 1 1 times as much as they 
are here. The apparent diameter of Mercury to us of 
course varies stiU more, viz., from s" when he is beyond 
the snn, to 12" when he is between the sun and as. 

2. Venus S , the next of the planets, has the most 
circular orbit of them all, its eccentricity being only 
'007, and the semiazia minor only 1600 miles less than 
the major ; which ia 66)f million miles or 7233 of our 
distance from the son. Her period is 2247 days, and 
her sidereal day 39 minutes less than ours. The orbit 
is inclined to the ecliptic 3° 23', Consequently she 
travels about 77,500 miles an hour, and the apparent 
diameter of the sun there is 44', or half as wide again 
as he appears to us. The diameter of Yenus is 7824 
miles, or a little less th^ the earth's ; but she weighs 
one fifth less than theearth,andonly a40i,84othof the 
sun, her density being -83 of the earth's. She gets 
twice as much light and heat as we do ; and in fact her 
brightness prevents her from being so well observed as 
some of the more distant planets. It has been ascer- 
tained by experiments that Venus is ten times brighter 
than the brightest part of the full moon. Mercury on 
the contrary ia a very dull reflector, being not near so 
bright aa Venus, though twice as near the sun. They 
both have atmospheres, because light is refracted in 
passing by them. The brightness of Venus has prevented 
as from ascertaining how much her axis leans, or the 
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amount of her ephercadieity. Probably it is maoli the 
same as the earth's ; bat the axis is thought to lean very 
much more. Gravity at her surlace is less in the same 
proportion as her mass, the distance of the surlace 
from the centre being practically the same as here. 
Her apparent diameter is as little as ^i" when she is 
on the other side of the sun, and aa much as 6i" when 
she is nearest to the earth. 

Yenns like Mercury never appears &r from the sun : 
47° is the greatest angle, or apparent distance, called 
the elongation, ever made by the lines of sight ftom ns 
to the sun and Venus. Consequently she never appears 
but aa a morning or an evening star, rising a little 
before or setting a little after the sun ; but she is 
sometimes visible by day, even without a telescope. 
"When Venus and Mercury are nearer to us than the 
sun, they appear as crescents, like the moon when she 
is nearer the sun than the earth is, because we then 
see less than half of the illnminated bemisphere. 
When they are beyond the sun they appear gibbons 
(p. 135), because we then see more tluin half of the 
illuminated hemisphere. But the planets beyond the 
earth's orbit can never appear as crescente ; and the 
gibbosity of those beyond Maxs is too little to be seen, 
because our distance from the sun is so small compared 
with our distance 6om them. The phases of Venus 
were first seen by Galileo with his telescope. Thirteen 
years of Venus are only a day leas than 8 of the earth, 
and in that time they have 5 conjunctions, or 5 
synodical periods ; which produces that disturbance of 
both theii orbits referred to at page 204, accelerating 
the earth and retarding Yenus a little for 120 years, and 
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tlien reTersing those effects for 120 jears mor& This 
was diBCoveied by Sir G. Airy. The transits of Yenas 
and Mercury over the sun will be noticed afterwards. 

3. The next planet is the Earth 6. of which I have 
Boid enoagh in Chapter I. 

4. The first planet beyond the earth, or the first of 
what are called the tuperior planets, is Mars i • They 
had better have been called eseierior, leaving the term 
' superior ' for the much la^er bat less dense onea 
which come after Mars and the gtoap of small atteroida, 
and rotate more than twice as &st. His mean djs- 
tiuice &om the aim is 140 million miles, or 1*5237 of 
the earth's distance, and he performs his circnit in 
687 days, or a little less than 2 years : therefore his 
velocity is about 53,300 miles an hoor, and the son's 
apparent diameter there is 21'; and 42 sidereal years 
of Mars are only 2 days less than 79 of the earth. 
The eccentricity of his orbit is one nth, and it is 
inclined 1° 51' to the ecliptic, flo again is small, his 
diameter being only 4 1 84 milee ; and his density mnst 
be only *56 of the earth's, or about the same as the 
moon's, as the earth is 9i times as heavy, but only 5^ 
times as large; and the sun is 3,090,000 times aa 
heavy, as determined from the periods and distances 
of tiie lately discovered satelUtea — a considerable cor- 
rection of aU the previous calculations of the mass of 
Mars, some smaller and some larger; which throws 
some aupsicion on the masses of Mercury and Venus. 

Mars gives ns better opportunities of seeing him 
than any of the planets : better than his superiors, 
because the nearest of them is never less than 8 times 
as far off as he ia sometimes ; and better than the two 
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inferiois, because they are too near the ann. Ton will 
see by adding and subtracting our solar distance to 
and from his, that he is at one time only 48 million 
miles from as, and at another 230 ; indeed he is some- 
times as neat as 34 millions on account of the great 
eccentricity of his orbit, when he is near perihelion 
and the earth as near aphelion as they cam be together. 
At other oppositions from the same cause they are 
nearly 62 millious apart. Consequently his diameter 
appears 6 times larger, and his whole disc above 30 
times larger at one time than the other, and his ap- 
parent diameter varies from 4" to 21" or more. As- 
tronomers have been able to observe, what they have 
Bot in Venue or Mercury, the inclination of his equator 
to his orbit, and find it 27^°, or rather more than ours, 
and its inclination to our ecliptic 3° 18'. His day is 
nearly as much longer than ours an Yenus's is shorter, 
viz., 24b. 37m. 23s., as determined by Mr. Froct^ir. 

There are appearances of snow at his poles, which 
decreases in their summer ; and there is something in 
bis composition which makes him generally look red ; 
but some parts look green, which are therefore thought 
to be water. There are clear indications of an atmo- 
sphere; and the spectroscope shows that it contains 
watery vapour like our own. His beat from the sun is 
less than half of ours, and gravity on his surface about 
the same as on Mercury, and less than half of what it 
is here. He is probably a little more spheroidal than 
the earth, but too little to be measured on his very small 
size. Two satellites of Mars have been found since the 
last edition of this book, by Mr. Asaph Hall, with the 
great new 26-inch telescope of Washington Observatory 
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in Aagust 1 877. They are both too small to measure, 
like many of the asteroids, but they have received the 
formidable names of Deimos and Phobos, Dread and 
Fear, the Homeric satellites of Mare, Fhobos is the 
nearest, and nearer to the planet than any other moon 
in the solar system, both absolutely and relatively, 
being only 2| of his radii, or about 5620 miles &om the 
centre, and therefore only i|, or 3660 miles from his 
Surface, Deimos is 7 radii from the centre, or 14,300 
miles. Consequently their periods or months are very 
Bhort also, one being only /h. 39m, 54s., or less than 
a third of Mars's day, and the other 30h. 17m. 548. 
They both move nearly in the plane of his equator, 
^lFhich Mr, Adams attributes to the effect of the 
planet's ellipticity on satellites so near: but he says 
that when a moon is distant, like ours, the planet's . 
ellipticity and the sun's attraction together tend to beep 
it near the planet's orbit, and not near the plane of ite 
equator.* 

5. Asteroids- — After Hars there is a great gap 
among the old planets, as you see from the distaace 
which I mentioned just now of the nearest of them, and 
there is no such gap in the distances beyond. But on 
the first day of this centory, i January 1801, began 
the discovery of a batch of little planets, which have 
now reached more than 200 in number, after standing 
for a good many years at 4, They are called the 
asteroids, which means things like stars, but should 
rather have been called plcmetoids. The four first and 
largest are named Yesta, Ceres, Pallas and Jnno. The 
others have exhausted the names of all the heathen 
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goddesses, and they are now generally indicated by 
mere numbera enclosed in a circle, as ®. They are 
all very small, the two flrst being under 230 miles in 
diameter and most of them too small to measure. As 
the largest is 2200 times less than Mercnry, and the 
moon would make 706 of it, it is evident that all the 
200 together would make a very insignificant planet. 
They lie scattered about between the distances of 240 
and 300 million miles from the snn, and their periods 
accordingly vary from 3J to si years, by one of 
Kepler's laws, which I will explain afterwards. Some 
of tiiem have orbits much more inclined to" the ecliptic 
than any of the regular planets, up to as much as 34° 
and with eccentricities from o up to 2. 

The first discoverers of the asteroids, especially 
Olbers, who found Pallas and Vesta after Piazzi had 
found Ceres, supposed that they were fragments of a 
planet somehow knocked to pieces. Such fragments 
might take very different inclinations to the ecliptic, 
bnt must always pass through the point from which 
they were exploded, though it might be perihelion for 
some of them, and aphelion or any other place of the 
orbit for others, and they might have very different 
eccentricities, mean distances and periods. It appears 
that the principal asteroids and some of the others do 
satisfy that condition,t but many of them do not ; and 
the orbits are so far apart that the deviation cannot 
be attributed to their disturbances by neighbouring 

* la mhlbematiotl 1{i,ng;i]age, ' more inclined to ' niMua what «ome 
would rathet call leas mclined to, or more inclined fnm, or making 
a greater angle with, some other line or plane. 

t I take this &om the Engliah C;clop«diaa«aauntof the Asteroid ». 
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planets or each other. Foi this and other re^ons the 
disruption theory has gone out of favour, and it is 
rather thought that these ' minor planets ' are of tiie 
nature of very large meteors, of which it is now known 
that there are innumerable quantities and many systems 
with coliective orbits within the solar system; but 
they are generally too small to be seen by reflection, 
and only become visible by incandescence from the 
Miction of rushing through the earth's atmosphere 
when we come across them. I am not aware that 
either Olbers or any one else professed to have dis- 
covered the kind of force, either external or internal, 
which could knock a planet to pieces without leaving 
any trace of the body that ' ran it down,' or could make 
it explode with sufficient force to send off the ^gments 
in such very different orbits. The former alternative 
seems absolutely impossible now we know what thin 
things comets are. 

6. After these little asteroids comes ' Japiter % . a 
planet of a very different order from any we have seen 
yet, 1270 times bigger than the earth, and only about 
1000 times smaller than the sun. But he, like the 
Bon, if we see their real body, is made of something not 
much heavier than water, or "237 of the earth's density ; 
for he is only 308 times as heavy as the earth, and a 
1048th of the sun, according to their apparent size, 
the sun's diameter being nearly ten times Jupiter's 
and Jupiter's eleven times the earth's. Notwithstand- 
ing his great sizq he turns round on his axis in five 
minutes under ten hours, and consequently the cen- 
trifugal force is so great that his equatorial diameter 
exceeds his polar axis by a i6th. If his density were 
Q 
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tbioughont wliat it is on the average, 0017 a quarter of 
the earth's, hie ellipticity would be about one 9th. 
Or if it increased inwards at the same rate as the 
earth's (whatever that may be) Ms ellipticity would 
be one 15th. As it is only a 17th, Jupiter's density 
most increase inwards even more than the earth's, and 
his outside is much lighter than water, which favours 
the idea that it is only a luminous envelope of some 
kind of cloud. That being his ellipticity, his bnlk is a 
17th less than a sphere of his equatorial diameter of 
86,936 miles, and about an eighth more than a sphere 
of his polar diameter (pp. 19, 209). 

Jupiter's mean distance from the sun is 47S} million 
miles, or 5*2028 the earth's, and bis periodic time or 
year nearly twelve of ours, or 4352'6 days. Con- 
sequently his rate of travelling through spaoe is 27, 1 80 
miles an hour, and the sun's apparent diameter there 
is only 6' 6". 

He stands nearly upright in his orbit ; that is, 
his equator is only inclined 3° 4' to it, and only 1° 19' 
to the eoliptio ; but the former is the inclination which 
bffects his seasons, and it is too little to make any 
sensible difference between summer and winter, espe- 
cially at his great distance &om the sun. But as the 
eccentricity of his orbit is nearly a 20th, he is nearly 
one tenth of his mean distance, or 47 mUlion miles, 
nearer the sun at perihelion than at aphelion ; and as 
the heat varies inversely as the square of the distance, 
Jupiter gets one fifth more heat at perihelion than at 
aphelion ; but on the average only a 27th as much aa 
the earth ; which would only produce a heat of 470° 
below zero (p- 52). As his density is nearly the same 
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u the Bttu'e, the force of gravity on his surface bears 
nearly the same proportion to that on the sun's surface 
as their diameters do (see p. 32), and is 27 times as 
much as on the earth ; or a man on Jupiter would feel 
nearly three times as heary as on the earth. 

Jupiter not only is but looks oonsiderahly larger 
than any other planet, except Yenua when she is 
nearest to the earth, his diameter yarying from 30" 
to 46", or about one fiftieth of the aun's and moon's. 
His disc is seen in telescopes to have some dark bands 
or belts round it, which are always parallel to tho 
equator, and are supposed to be clouds carried round 
with him ; and Bometimes darker spots are seen, which 
may be openings in the clouds. But Jupiter has a &r 
more important characteristic than these in his font 
moons or satellites, of which I will say more after we 
bare gone through the planets themselrea. 

Jupiter a minor son- — It has been observed by 
astronomers in different parts of the world that Jupiter 
is more luminous than he can possibly be by mere 
reflection from the sun. Some of them have gone so 
£ur aa to say that he emits more light than he receives, 
though a good deal is always lost in reflection from the 
very best surfaces. Though others do not go so far as 
that they agree that he emits twice and a haK as 
much as Mars, and three times as much as the moon, 
in proportion to their surfaces, though the colour of a 
great part of Jupiter is ill adapted for reflection. 
Moreover the cloud belts sometimes vary in their 
detail, though their general aspect does not vary much. 
Another remarkable fact is that the satellites appear 
on bis &ce as da/rh spots when they cross it, whereas if 
q2 
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ihej boih deriTed their illumiDation only from the snn 
there could be no eensible difference, oi the ttausita 
of the satellites would be invisible. 

Mr, Proctor* baa propounded the theory, as the 
only way of accounting for all these phtenomena, that 
Japiter is still very hot, as the earth certainly was 
once and is yet inside : that this heat produces the 
cloud envelope, which makes his great apparent size 
and consequent lightness, as is the case with the sim 
himself; and then produces also storms among the 
clouds ; and maintains such heat in them, or throagh 
them, as accounts for his ultia-teflective brightness. 
As the sun's heat would leave all the water of Jnpiter 
500" below freezing, as we saw just now, it could 
certainly raise no clouds : they mast come therefore 
from his own heat. 

Unless Jupiter came into existence as a globe count- 
less ages before the earth, it is certain that he would 
retain his heat long after the earth became cool ; for 
if the real but invisible solid or liquid globe, which is 
certainly 308 times as heavy as the earth, has the same 
-mean denaity.itisstilld'/ times (instead of 11) as large 
in diameter, and would be much longer cooling, as a 
Ifti^e red-hot cannon ball is longer cooling than a small 
one, because the heat inside the globe has to make 
its way out through the mass outside it, of which 
the conducting power may be very small. In the case 
of our little moon, on the other hand, the unchanging 
state of het sar&ce and the apparent extinction of 
all her volcanoes afford reason to believe that all her 
internal heat has transpired, or at any rate that she 

* In 'Othei World*,' cap. v., and 'The Orb* ummd aa,' p. 140. 
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has become Bolid throoghoat, while the laiger earth 
has not 

This conclneioii is strikingly opposed to tte older 
estimate of Jupiter as a mass of very cold water, ae 
described in Whewell's ' Plurality of Worlds,' in which 
he pronounced such a planet only habitable by car- 
tilagiuooB and glutinous floating creatures. It is odd 
that these large and light planets should now appear 
uninhabitable from heat more than cold. Though 
Jupiter is rather heavier than water we shaU see that 
Saturn is much lighter. It ie impossible that a globe 
of water could be so, for its deneity most be made 
still greater by the tremendous presenre of its own 
gravity within, as explained at p. 33. This is another 
diflBeulty in the way of the old theory. But though 
all the lai^e and light planets may be minor snns in 
the sense of emitting considerable heat and some light, 
there is no similarity between their clouds md atmo- 
sphere and those of the sun ; since we have reason to 
believe that his envelopes or photosphere are not 
clouds of heated steam, though we do not know what 
they exe. 

7. Saturn ^ is not much smaller than Jupiter, bat 
is less than a third of his weight, being made of some- 
thing only '1 24 as dense aS' the earth, and only two 
tbircU as heavy as water. His diameter is 74, 1 00 miles, 
or rather more than nine times the earth's ; but though 
he is 746 times as large as the earth, he is only 92 
times as heavy, and the sua is 3503 times his weight. 
He ia even more spheroidal tluui Jupiter, his polar 
diameter being one eleventh less than his equatorial, 
though his density is mach less aad his velocity oC 
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rotation rathei leas ; for he turns in 10^ hours. His 
equatorial parts are supposed to be drawn out farther 
by the attractiiHi of the Bing, which I will describe 
presently togeth^ with hie eight moons; and his oblate- 
ii«es is subject to an occasional variation which gives 
him the look of being what the astronomers call square 
idioaldered : which all supports the theory of his en- 
velope being cloudy. His apparent diameter is gene- 
rally 1 8", as he is too far off for the diameter to be much 
affected by the earth being in one port of her orbit or 
another. His mean distance from the sun is 877 million 
miles, or 9*539 times the earth's, and hia year is 10,759 
days, or 29J of ours (the same number as the days (rf 
a revolution of the moon) ; consequently he moves 
tJirough space about 20,100 miles an hour, and tho 
BUS appeals only 3' 20" wide there. Sunlight must be 
ninety times colder and darker there than here, and 
gravity on the surface very little more than on the 
BOrface of the earth. Saturn stands very differently from 
Jupiter, with his equator inclined 26° 50' to his orbit and 
28° 10' to the ecliptic, to which his orbit is inclined 
2° 29' ; and its eccentricity is ■056. Consequently his 
frigid zones are larger than ours, and the poles do not 
see the sun for nearly 1 5 years alternately. 

Long inequalil^ of Jupiter and Satnrn.— I have 
now to describe a disturbance of these two planets by 
each other, of which Sir G. Airy says (' tiravitation,' 
pt 150) that 'the calculations necessary to discover 
tlie effect of it are probably the most complicated that 
j^ysical science has ever required ; ' so that nothing 
beyond a very general account of the result can be ex- 
pected here. If you wish to follow the subject as tax 
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as it can be carried withont mathematics, yon will find 
a longer eij^anation in the book aforesaid, and later 
ones in Sir J. Herschel's Astronomy, and in Mr. 
Proctor's book on Saturn ;• but you must not expect to 
find any complete explanation of such a subject easy. 

The mean angular velocities of .Jupiter and Saturn, 
being iuTersely aa their periods, are nearly in the pro- 
portiMi of 5 to 2, or more exactly, 72 to 29. It follows 
that every conjunction falls 242° 42' beyond the last ; 
or aa if they fell on the angles of an equilateral triangle 
which itself revolves the same way as the planets, at 
the rate of 2° 42' in their synodical period of I9'86 
years. If the angles are marked A B C in the direction 
of motion, the conjunctions fall in the order A C B A, 
coming round again to the same place at the third 
conjunction, except that it has then moved forward S° 6'. 
The real motion is more irregular than this, because 
the velocity of the planets varies in different parts of 
their elliptic orbits. But if that were all, the variations 
would compensate each other, and all that would 

* It mky be a pnUlo benefit to Inform thoae who have to emplof 
BttgtKven that their b&bit of making the letters in diagmmB and arohl- 
teotntal drawioga aa Bmall aa they oan, oiade some of the platcB in 
BIr. Frootor'a valuable book on Batuni useleBS to any common eyes, 
and eroD ahori-nghted eyea oan hardly make them oat I am glad to 
aee that defect i« aToided in hie later hooka. The present Eaahion of 
pale and thin printing ia aqoolly stupid. Publiuheis take good care 
tu avoid it in their own adrertiaementa at the end of their booka. You 
maj aee the tbIub of black printing in the titles of new subjecti in theee 
pages. Blaok ink ia reqaiaita beeideB. But printiog hui deolinad for 
many yeara. The rubUsh oaUed toned paper makea it still worae ; and 
the parhiunentary colour bine is the worst of all, as Babbage fonnd by 
experlmenta fbr his logarithms, and yellow the best — which aooordiogly 
is nerer used in tiiis oonntry, though it ia in Auitria. 
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happen would be this : — as Jupiter approach^ eyery 
coDJUBCtioQ he would be pulled forward a little by 
Saturn, who would be himself pulled back, and the 
contrary as they leave conjunction ; and the effecto of 
the disturbances would not acctunulate. 

But besides the unequal velocitiea, the eccentricity 
of the orbits makes the distances not quite the same 
before and after conjunction ; and the disturbances at 
any series of conjunctions at different distances may 
or may not compensate each other. Moreover the 
orbits are not in the same plane, and that causes 
another variation of their mutual attraction ' resolved ' 
into the plane of either of them ; also the nodes where 
they cross are continually varying, like the precession 
of our equinoxes. Sir G. Airy says it is impossible 
to do more than state that the mathematical result of 
all this is that for about 460 years the major axis of 
one planet's orbit is getting lengthened, and therefore 
its period (which always depends on the major axis 
only) is lengthened, and that of the other shortened; 
and then for another 460 years the effect is reversed. 
Though the alteration is exceedingly small in one 
synodical period, yet by the end of the 460 years it 
accumulates, like the lunar acceleration (p. 193), into 
something considerable, viz., an alteration of Saturn's 
longitude by 48', and of the heavier Jupiter's by 21'. 
The eccentricities of the two orbits are also disturbed, 
and the perihelion of each is made to advance and 
recede alternately for 425 years. 

Similar coincidences of periods exist, as I said, be- 
tween Yenus and the earth, with 5 points of conjunction 
in the circle, instead of 3 ; and others not so close 01 



:,q,t,=cdbvGoOgle 



Saturn's Rmg and Jupiter's Moons. 233 

iieqaeiit between other pairs of planets. None of thera 
produce nearly so large a disturbance as this of Jupiter 
and Saturn, which accumulates for such a long time, 
and is therefore called either the ^etU or the long 
inequality. You will see further on that a similar, and 
relatively a greater disturbance exists among three of 
Jupiter'a satelUteB, whose conjunctionB recur at only 
one place in the orbit of each pair. 

It is generally said that G-alileo's telescope first 
revealed Jupiter's moons and Saturn's ring. But it is 
by no means clear that they were unknown to the 
Cbaldtean astronomers, whether they had telescopes 01 
not, as they had single lenses at any rate (which alone 
will not serve for telescopes), for one has been found 
at Nineveh. Mr. Proctor notices in his ' Saturn ' some 
ancient symbols of Baal or Jupiter with four wings 
tipped with stars, and a globe surrounded by four smaller 
ones ; and one of Nisroch like an open eye, which is 
the oblique view of Saturn and his ring, besides other 
ringed symbols. This might not go for much if it were 
certain that these objects cannot be seen without tele- 
scopes. But it is now certain that they can, where the 
air is BO dry as to intercept much less light than it does 
here. In B. A. S. 'Notices,' xvi. 158, there is a 
letter to Sir J. Eerschel from a Mr. Stoddart in Persia, 
an observer of 1 5 years' experience, saying that he had 
sevend times seen with the naked eye both Jupiter's 
satellites, and Saturn elongated into a distinct oval, as 
Galileo first saw it, They are also said to have been 
seen from Mount Etna. There is no reason against it 
in their apparent width or distance apart, for the planets 
themselves are visible as globes, and not as mere points 
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like ttie stars. The only difficulty is the MntDess 
of the light of their appendages ; and that, like heat 
(p- 52), depends on the dryness of the air, which Mr. 
Stoddart said was eo great that there is no dew. He 
also saw some stars as double which are quite insepa- 
rable here without telescopes. 

8. UranaS' — These are all the planets that were 
known until the year 1781, when a new one was dis- 
coTered by the late Sir W. Herschel, who was once 
organist at Bath Abbey, and some other places, and 
afterwards the greatest astronomeT of his time, and by 
a piece of rare good fortune the father of another not 
inferior to himself, and the grandfather of a third astro- 
nomer. He, like Newton and Galileo, invented and 
made telescopes on a plan of bis own, larger and more 
powerful thMi had been ever made before ; which have 
been since copied on a still larger scale by Jjord Bosse. 

With one of his smaller telescopes Herschel found a 
new planet farther off than Saturn, and too fiir to be 
seen without a strong telescope, though it afterwards 
appeared that it had been seen before, but not perceived 
to be a planet. At first it was called the Georgian star, 
after the king in whose time and neighbourhood (viz., 
at Slough near Windsor) it was discovered, and by 
whom Herschel had been liberally assisted. But the 
public preferred to name it after its discoverer, until 
at last they both gave way to another heathen god, 
Urwius, the father of Saturn and grandfather of Jupiter, 
and whose name in Greek means the heaven itself, 
beyond which it was supposed there was nothing farther 
to be found. 

This planet Uranus J^ is 1765 million miles 60m the 
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sun, or I9'i824.timea the earth's distance, and takes 84 
years and 6^ days, or 30,687^ days, to go round him, at 
the rate of 14,640 miles an hour. He also ranks as a 
large a&d light planet ; for his diameter is nearly half 
Saturn's, or 34,070 miles, and he is 7 1 times as large as 
the earth, but not quite 16 times as heavy, his density 
being -22, or rather less than Jupiter's. He is 20470 
times lighter th&a the snn. His orbit is the nearest to 
the ecliptic of them all, being only inclined 46' 29" ; 
and its eccentricity -046. He has foor moons, which 
l>ehaTe differently from all others in the solar system, 
having their orbits as nearly perpendicolM to the 
ecliptic as 79°, and nearly circular, and moving liie 
opposite way to all the other moons and planets. The 
once supposed four more have never been verified. 
The sncoessive duplication of the number of moons 
from the efurth's one to Saturn's eight by the discovery 
of Hars's two extends no farther in the solar system. 
His apparent diameter is only 4"; and consequently 
his inclination and time of rotation are not y^ 
ascertained. But his spheroidicity is tiionght to be as 
great as Saturn's ; and it is most likely that his equator 
is nearly perpendicular to the ecliptic, as the orbits 
of ail other moons nearly coincide with tbe equator 
of their planet. This also accounts for his appearing 
sometimeB spherical and sometimes spheroidal, ac- 
cording as his pole or equator is presented to us. 
The light and heat there must be only a 330th of 
ours; gravity one seventh less; and the apparent 
diameter of the snn i' 42" to the Uranians. 

9. Neptune. — Still the solar system was not fathomed, 
as it was supposed to be when Uranus was so named. 
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All these plaueta were discoTered by being seen, and 
seen to move ; but one more was proved to exist 
witbont being seen, and afterwards found by lookicg 
for it where the discoverers said it would be found. 
The history of this discovery is so remarkable, and at 
the same time is given so imperfectly, and sometimes 
so unjustly, in larger books than this, that I shall relate 
it more fully than would otherwise be necessary, taking 
my account of it from the most authentic source, viz., 
the correspondence and statement of Sir G. Airy, who 
played an important part in the affair, as you will see, 
in vol. ivi. of the Astronomical Society's ' Memoirs,' or 
vol. vii, of their ' Notices ' ; which very few writers of 
the English language, on either aide of the Atlantic, 
and of course no French ones, have apparently taken 
the trouble to read before publishing their own versions 
of the transaction. Fortunately there never was any 
dispute about the facts. But the only fair aoconnte 
that I have seen are in Grant's * History of Physical 
Astronomy,' and in a book called Speculum Hartte^ia- 
maa by the late Admiral Smyth, P.B.A.S. 

Just forty years after the discovery of Uranus astro- 
nomers began to complain that he did not appear in his 
proper place, as calculated from the earlier ol»ervations, 
by which his orbit was supposed to be as well ascertained 
as that of any other planet. And some people went so 
&r as to doubt whether Newton's law of attraction might 
not be subject to variation at so great a distance. By 
the year 1830 his longitude, or distance from the 
equinoctial point ep, had got wrong by 30", which 
would make him appear wrong in his time of crossing 
the meridian of any observatory by two seconds of 
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time; and he had got 120" orSsecondswrongin 1845. 
TUb does not seem mach to be disturbed about in a 
planet 2760 million miles off, or to make the laws of 
the muverse suspected by some astronomers, and the 
existence of an unseen disturber of the peace of Uranns 
by others. Bnt eo it was ; and it gives you some idea 
of the aecniaoy now expected in astronomy. 

The first persoD who appears to have openly suggested 
the idea of Uranus being disturbed by a more distant 
planet was the Kev. T. J. Hussey, of Hayes, who wrote 
to the then Astronomer Koyal to that effect in Novem- 
ber 1834; and he said that two foreign astronomers, 
A. Bouvaid and Hansen, agreed with him. But Sir Q-. 
Airy answered that he ' did not think the irregularity 
of Uranue was in snch a state as to give the smallest 
hope of making out the nature of any external action on 
the planet,' — if there was any, which he doubted ; and 
preferred supposing that the earlier observations had 
been wrong. In 1837 E. Bouvard, the nephew of A. 
Bouvard, again wrote to Sir G. Airy suggeeting the 
same cause ; who again answered (in substance) that be 
did not believe it, and added — ' if it be the effect of any 
unseen body, it will be nearly impossible ever to find out 
its place.' By 1842 Bessel and other eminent astro- 
nomers seem to have avowed the same opinion as Dr. 
HuBsey, but without convincing the English Astronomer 
Boyal, who still appears to have bad no solution of his 
own, except his guess at the inaccuracy of observations, 
although the attention of astronomers had now been 
directed to it for twenty years, and the error had been 
getting worse. 

But suggesting that there must bea planet somewhere 
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was s Tery difTeient thing &om Betting to woik to calco- 
litte whereabouts in all space it most be, with a strong 
piesamption only, from the distances of the others, 
that it woald be nearly twice as far from the sun as 
Uranus (which after all it is not), and near the ecliptic 
like the rest (which it is). It was also certain that the 
disturber of Uranns had left conjanction with him, 
because the disturbances had begun to diminish again. 
In 1844 Professor Challis, the head of the Cambridge 
Observatory, wrote to ask the Astronomer Royal for 
some Greenwich tables of Uranus for a ' young friend 
of Mb, Mr. J. 0. Adams, of St. John's College, who was 
at work upon the theory of Uranus.' He of course 
sent them, and in September 1845 Frof^sor Challis 
wrote again to say that ' Mr. Adams had completed his 
calculations of the perturbations of Uranus by a 
supposed ulterior planet.' In October 1 845 Kr. Adams 
himself left at the Greenwich Observatory what Sir G. 
Airy justly called afterwards 'the important paper,* 
giving the result of his calculationB and the place when 
the neu) planet would probaUy be/ound. 

Still Sir G. Airy could not believe that a young man, 
who had only taken his degree (of senior wrangler) the 
year before, had actually found the place of a planet 
which he believed not to exist at all, and to be ' nearly 
impossible to find ' if it did. So instead of encouraging 
Ur. Adams, or taking steps to get the planet looked for 
by the best telescopes of various observatories, he sent 
him a question which be called an experimenium emeu, 
or what is popularly called a posing question. He after- 
wards expressed his ' deep regret ' that Mr. Adams did 
not answer it, which it is well known that he could 

c,q,t,=cdbvGoogle 



nistory of its Discovery. 239 

easily have done, as his previous calculations involved 
the answer. The world has never been informed what 
delayed it : whether Mi. Adams wished to send some 
further informatiou with it, or whether the maker of 
what has been called the greatest astronomical dis- 
covery since Newton felt that his announcement of it 
might have been received more cordially. 

But while Sir G. Airy was waiting to believe in the 
discovery an eminent foreign astronomer stepped into 
the field and confirmed it; for in June 1846 M. Le 
Terrier gave to the French Academy his own indepen- 
dent calculations for a new planet, which nearly agreed 
in their result with those which Mr. Adams had given in 
1 845. As soon' aa they came here Sir G. Airy's doubts 
vanished ; and then he confessed (what indeed his 
question showed before) that he bad doubted the 
accuracy of Mr, Adams's investigations until he re- 
ceived M. Le Terrier's confirmation of them ; which 
does not mean that he considered the calculations 
wrong in any definite way, but simply that he doubted 
any man's ability to make them. 

Then he did set to work to get the planet looked for 
in the place indicated ; and Professor ChaUis undertook 
Ihe search with the great Cambridge telescope (which 
he ought voluntarily to have done a year before), 
and soon found what turned out to be the planet, 
and he noted it as 'appearing to have a disc,' which 
only planets have. But unfortunately he had no stw 
piap to compare his observations with ; and also delayed 
comparing his own successive observations with each 
other, until Dr. Galle of Berlin had not only found the 
planet^ font found that he had found it, on 23 Septem- 
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ber 1846, Not that the finding of a planet where you ate 
told to look for it is any great feat, or at all parallel 
to Herschel's finding of an unsuspected planet. 

Only one more sentence need he quoted from Sir 
G. Airy's certainly candid statement to complete the 
story, and to show how this country lost the imdivided 
credit of this great discovery, which Adams unquestion- 
ably first made and first disclosed, not merely to private 
friends, but to the two ofBcial heads of astronomical 
science in England. Sir G-. Airy concluded his account 
by saying, ' I consider it quite within probability (he 
might have said, certainty), that a publication of the 
elements (of the planet's orbit) obtained in October 
1845 (from Mr. Adams) might have led to the (tele- 
scopic) discovery of the planet in November 1 845,' 
seven months before Le Yerrier disclosed his calcu- 
lations, and nine months before Dr. Galle found it. 

The name of Neptune Sf was soon given to the new 
planet, on the same principle as the others ; only they 
were obliged to go back to the brother of Jupiter, as 
he had no more ancestors in the Pagan mythology. 
Neptune was afterwards found to be 2763 million miles 
from the sun or 30*0363 times the earth's distance, and 
to have a period of 60,127 daysj or 164! years. He 
only goes 10,560 miles an hour, or just ten times slower 
than Mercury ; and the sun appears there only i' in 
diameter, or no larger than Venus sometimes does to us. 
Neptune's diameter is believed to be a little larger than 
Uranus's, viz., 38^00 miles, and his bulk consequently 
II7'5 times the earth's. The present estimate is that Ms 
weight is nearly 18 times the earth's, or that the sun is 
1 8,780 times hiB weight His orbit is almost as circular 
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as Venoa'a, and 1° 46' inclined to the ecliptic. Nothing 
is known of his time of rotation, or the inclination of 
his axis ; but though his apparent diameter is only 2 ", 
he is said fo be Tisibly spheroidal, which implies a 
quick rotation. The light and heat there are only a 
thousandth of what they are here, and gravity about a 
quarter less than on the earth's surface. 

One satellite of Neptune has been already discovered 
by Mr. Lassell, reYolving in 5d. 2ih., and therefore 
nearly at the same distance as our moon, and going 
more distinctly retrograde, or opposite to the usual di- 
rection, than the satellites of tTranus, because its orbit is 
only 29° inclined to the orbit of the planet. It will be 
curious to ascertain whether his rotation is retrograde 
also. It also turns out that the planet had been occu- 
sionally seen before aa a very faint star as long ago 
as 1795 ; but as it was never seen twice, in the same 
place, the observations had been hastily treated as 
mistakes ; a warning to all men never to disregard 
any new fact, until they are quite sure that it is not 
one, or is really unimportant; besides that other 
warning to men in high places, which the history of 
the discovery clearly enoagh proclaims. 

10. One more planet was for a time suspected to exist, 
a very small one, only 14 million miles from the sun, and 
going round him in 19J days, in an orbit 13° inclined 
to the ecliptic, and the name of Vulcan was assigned to 
it. But its existence is no longer believed, as it has 
been seen no more. 

Bode's law of distances- — I have several times 
spoken of the distances at which the new planets of 
this century were . expected to b© found, from the 
B 
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proportionate distances of the older ones; and yon 
will see in running over them that there is a rongh 
approximation to a successive doubling of the distances 
of alt beyond the first. If you divide them all by 
9 millions, to get rid of a great number of figures, they 
will oome in pretty nearly the following proportions : 
Mercury 4, Venus 7, Earth lo, Mars 16, Ceres and 
Fallas and some of the other asteroids 28, Jupiter 52, 
Saturn 100, Uranus 196, Neptune 305. Or Earth is 
twice as far beyond Mercury as Venus is, Mars 4 times 
asfiir, the Asteroids 8, Jupiter 16, Saturn 32, Uranus 64; 
but Neptune is not 128 times as for, but only 102; 
that is, he is 700 million miles too neat according to 
this rule, which is called Bode's law, from its discoverer. 
And so the only thing like a rule, which there was to 
gneSB Neptune's distance by, turned out wrong. Never- 
theless it had been useful as a first approximation ; for it 
is a common practice in astronomy, when several things 
are unknown together, to assume a probable value for 
one of them, and then correct them backwards after 
some of them are found. Moreover the direotion in which 
Neptune was to be looked for was rightly calculated, 
and the error in distance affected his apparent place 
very little, as he was then nearly in a line with the sun 
and earth, and his distance is 30 times the earth's. 

Ton must understand that this rule of Bode's is only 
em/pirieal, which means founded upon trial or experience 
— more or less estensire as the case may he, and ia 
not deduced from that great law of universal attraction 
or gravitation, which keeps the planets in their orbits 
moving with a certain velocity, and makes their years 
bear a certain proportion to their distances, and enables 
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their weights to be calculated from their disturbances 
of each other and of their moons, and an unknown 
planet to be found by calculation, and raises the tides, 
and prevents the whole earth and the sea, and every- 
thing that is in them, from flying to pieces like the 
wringings of a mop, and running off in straight lines 
into infinite space for ever. Nevertheless it is all 
but impoBsible that so many coincidences with that 
law should be accidental, and not the result of some 
yet unknown physical cause ; and we shall see more of 
it among the satellites of the greater planets. 

Betrogradation of planets. — Although the planets 
seen from the sun would appear to go round him, as 
they do, with very little variation in their pace, they 
appear from the earth to go very diflFereutly, and 
irregularly in speed, and sometime actually to go 
backwards. The angular velocities round the sun 
depend simply on the periods : so the angular velocity 
of the earth is always nearly 165 times Neptune's, and 
84 times Uranus's, and 29^^ times Saturn's, and 12 
times Jupiter's and twice Mars's and two thirds of 
Venus's, and a quarter of Mercury's. But the angular 
velocities round the earth follow no such rule, and 
indeed no rule at all that can be expressed without a 
great deal of calculation : all we can do is to explain 
why both the interior and exterior planets sometimes 
appear to us retrograde in their motion. 

Suppose we are sailing westward down the middle of 
a wide river with a slight bend to the south in a 
ship called Earth at E, opposite the Sun inn on 
the south bank ; and that at Y, between us and the 
sun, there is a ship called Venus going the same 
R 2 
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way, but faster ; and beyond ub at M another ship called 
Mars going the same way bnt slower : so 
that in a little time we shall have got 
respectively tovem; N and S being north 
and south by the compass which we carry 
with us. Then, as we are unconscious of 
our own motion, the sun will appear to 
haye gone a little round ue to the left, 
through the angle S«©, and Venus to the 
I ^^ right through the angle Seu ; and if we 
li^~^l^ turn and look at Mars, that also will 
appear to have gone round lis to our 
right through the angle Nem. Yon most 
remember that the line NS which is carried with ns ie 
our only datum line to measure motion from, and those 
letters indicate some stars at an infinite distance, or 
they may be cp and =i^, from which longitude is 
reckoned. Therefore an interior planet apparently 
goes the opposite way to the snn, or retrograde, when- 
ever it is between us and the sun (which is called 
inferior conjunction), and an exterior planet whenever 
it is in opposition to the sun. After that, we and Venns 
move on to 6* and v' ; and since w" is greater than e^ 
(because the inner planet goes faster both in angular 
and linear velocity) but the inner orbit is most curved, 
the line ve for a few days moves practically parallel to 
itself, or fV is parallel to ve ; and then neither planet 
can perceive any motion in the other with reference to 
the stars or <^ ; and so all planets, interior or 
exterior, appear stationary for a few days before and 
after ecich retrogradation. At other times they 
appear to go round the earth the same way as the 

c,q,t,=cdbvGoogle 



and sometimes Stationary. 245 

sun, though with varyiog velocities according to their 
position. 

The following is a shorter proof that inferior planets 
are retrograde at inferior conjunction, and exterior 
planets at opposition, like Venus and Mars in the pre- 
ceding figure. As they all go eastward, looking from 
the Bun, suppose a westward motion equal to the earth's 
eastward one to be impressed on all four bodies in 
this position ; which will leave their relative motions 
the same. Then, as Venus's real motion eastward, or 
to the right in the figure, is faster than the impressed 
motion the other way, she will appear to go to the 
right. And as Mars goes slower than the impressed 
motion he also will appear going to the right when we 
turn ronnd to look at him. But the sun always appears 
going to the left, and therefore apparent motion to 
the right is retrograde. Again, as the change fix)m 
direct to retrograde, and vice versa, has to take place 
somewhere on each side of the line of conjanctions, the 
motion mnst be stationary during the change. 

SATUBN'S BIHQ AHB SATELLITES. 

Saturn's King, treating it first as a single bright 
ring, is very thin and flat, like a ring stamped out of 
a card, having an outside diameter rather more than 
twice as wide as the planet, or 167,600 miles. Its 
inside diameter is 109,536, or only 17,713 miles from 
Saturn's equator ; and therefore the breadth of the ring 
itself is about 29,000 miles. It is so thin that it is 
difficult to say what its thickness is ; but it is con- 
sidered to be not more than 100 miles. And the 
strangest thing abont it perhaps is that it seems 
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coutiiitially to get thmner and wider, and sometimes 
breaks out into fresh diyisions apparently, besides the 
long recognised and well marked divisions into two : 
of which the outer ring is 9960 miles wide, the inner 
17,680, and thespace between them 1390. It is useless 
to profess great precision in these figures, from the 
nature of the rings and their distance. 

If Saturn stood like Jupiter, with his equator (and 
ring) nearly in the plane of the ecliptic, we should 
have known next to nothing about the ring; for we 
should have seen nothing but two bright lines like 
handles, each of them about as long as Saturn's radius. 
Sometimes the satellites appear like beads threaded on 
the thin line of the ring. Sir W. Herschel found, by 
observing the motion of certain lumps or inequalities 
on the edge of the ring, that that part of it at imy rate 
revolves round Saturn in lOb. 32m. 15s. or 3 minutes 
longer than his own time of rotation. But as Saturn's 
equator and ring are now • inclined 28° ic/ to the 
ecliptic, we sometimes see it in oblique perspective, 
and therefore as an ellipse, getting a very good sight 
of the whole width of the rings and the spaces between 
them each and the body of Saturn. If you want to 
realize this, get somebody to hold a globe in the 
ordinary wooden frame at some distance from you ; 
when your eye is in the plane of the wooden horizon 

* The iucIinatioiiH of all i^o planets' eqaatora to the ecliptio depend 
(i) on theit moliuatioiia to theii own oibit«,'{])oD the iaoliuatioii of 
those to the eoliptio, end (j) on the position of their nodes o» equinoo- 
tiaJ points; but all the nodes revolve bo slowl;, and the inolinationa of 
the oihils are so small, that I do net oomplicste tbe descriptions with 
any fiuther notioe of these changes ; bnt I have given the present 
longitndes of the peiibelions in the table at the end. 
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you can only see its edge ; but when it ia inclined a 
good deal, yon can see the whole of it except the part 
behind the globe, and you see also the space between 
them. The minor axis of the perspective ellipse of the 
ring when most elevated ia "47 of the major axia. 

But the sun also must be elevated above the plane 
of the ring, and on the same side as the earth, though 
not necessarily as mnch, to illuminate the side of the 
ting facing the earth, to enable ns to see it. You wilt 
find in Mr. Proctor's book pictures of Saturn and the 
rings in all possible phases, with a variety of interest- 
ing descriptions of them which would be out of place 
here. He shows too that the usual statement, origi- 
nally Herscbel's, that each hemisphere suffere an eclipse 
of I s years by the ring, is erroneous. For when the sun 
is in the plane of the ring, no place is eclipsed except 
in the narrow zone exactly under it. Some places 
however do suffer a continuous eclipse of nearly 7 years 
in each of Saturn's years (=29^ of ours), and other 
shorter ones, besides the total darkness within his large 
arctic circles for various periods up to nearly i S years. 
These large planets must have very odd kinds of in- 
habitants, if any, considering their probable condition 
(p. 227) and these long eclipses. 

The mass of the ring has been calculated as the 
I i8th part of that of Saturn, from its effect in disturb- 
ing some of the satellites. And that agrees pretty 
well with the estimate of 100 miles of thickness, on 
the assumption that its average density is the same as 
Saturn's own. There have been various speculations 
as to its composition. Laplace proved that it conid not 
be in one solid flat piece, but must be at least divided 
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into two ; and the same kind of Teaaoning has made it 
necessary to carry the diTiaion still farther. For the 
outer and inner parte of a ring of anything like that 
width require different velocities and periods to pre- 
serve their equilibrium, according to well known laws 
of motion which will be explained in the next chapter. 
If the inner part only went as fast as the enter, its 
centrifugal force would not be enough to keep it from 
being dragged into Saturn by attraction. For the ring 
itself is iax too thin and weak to be able to hold itself 
together by its own cohesion or int«mal attraction, 
against such a force as that tending to pull it in pieces. 
Moreover the outer edge revolves in the proper time 
for a satellite at that distance ; but too slow for one at 
the inside, or even at the middle of the breadth of the 
ring. 

But a far more serious objection to the rings being 
rigid at all was made by the late J. C. Maxwell of Trin. 
Coll. Cambridge, in the Adams Prize Essay of 1857 ; 
viz., that, in order to preserve its equilibrium in 
revolution, each ring must be so uneven in density 
as to have it« centre of gravity more than 9 times 
farther from the light side than the heavy one, if it is 
rigid : which is completely at variance with observation. 
Moreover the rings would then be much nearer the 
planet on one side than the other, which they are not, 
though they are a little. You may ask how a ring 
can be stronger for being Ump than rigid, provided 
that it is of the proper shape, whatever that may be. 
The answer is that there is no proper rigid ^ape, 
except that defined by Mr. Maxwell ; which certainly 
does not exist ; and if it did, it conid not maintain 
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itself against disturbances. Conseqnently a Bet of 
rigid narrow rings is no less impossible tban a single 
wide one. 

The idea has been therefore entertained that the 
rings might be fluid, so that all tbeit parts could move 
along each other as they pleased. But to this also it 
is objected that the constant changes of motion would 
cause wav^, which would break the rings in pieces, for 
the effect of waves lasts long after the force has passed 
away which raised them. Moreover the appearance of 
the rings contradicts that theory. For besides the 
one, or we must now say two, evident divisions, there 
are indications of more, and also of an inner ring, 
darker than the others, but semitranspatent, as if 
composed of bodies near together but not too close to 
see through. And in fact that is now taken by astro- 
nomers to be the constitution of all the rings of Saturn. 
We may consider them consisting of a vast number of 
rings, each of only one satellite in width, independently 
of the wider separations into three distinct rings. 

Another fact quite inconsistent with rigidity, is that 
the rings as a whole have been getting thinner, and 
about one sixth wider, the inner parts coming nearer 
to the planet, but the outer not altering, in the 200 
years since Huyghens first measured it; and more 
rapidly in the 80 years since Sir W. Herschel's time than 
in the 120 years before. Galileo saw the ring but 
could not make it ont ; he did distinguish Jupiter's 
satellites with his second telescope in 1610. 

Saturn's Moons are far less interesting than his 
rings. It is enough to say here that the eighth and 
last in the order of discovery, but the seventh in 
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distance and a Teiy small one, was only fonud in 1848, 
and oddly enough, by Mr. Lassell in England and 
Mr. Bond in America on the same night. The sixth 
is much the largest, and so it has been called Titan 
in Sir J. Herschel's renaming of them all by names 
instead of numbers — Mimas, Enceladus, Tethya, Dione, 
Bhea, Titan, Hyperion, lapetus. But though some of 
these were the 'giants' of the ancient worid who 
fought with Jupiter, they are very small satellites of 
Saturn now, some too small to be seen except with the 
best telescopes ; and all of them together capable of 
reflecting very little light upon the planet, only about 
a 1 6th of what we get from our moon. And Jupiter's 
four give him about the same, lapetus is one of the 
larger ones, and much iarther off than the rest, being 
32 of Saturn's diameters distant &om his centre. Our 
moon's distance is 30 times the earth's diameter ; but 
then Saturn's diameter is nine times ours. Their 
distances and periods, which are aU that seems accu- 
rately known of them, are expressed shortly in the fol- 
lowing table. The first five follow Bode's law pretty 
well, but not the others. 
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The distances of the only four satellites of Uranus 
which can be considered certainly to exist, are about 
123, 172, 283, 378 thousand miles ; of which the dif- 
ferences are 49, 1 1 1, 195, making a rough approxima- 
tion to Bode's law. 

Jupiter's four Satellites are of fu- more importance 
than Uranus's or than Saturn's eight. They are all of 
a substantial size : the first, second, and fourth about as 
large as our moon, but a good deal lighter, having 
lespectiTely one third, two thirds, and half the moon's 
density ; and the third having a diameter and weight 
about half as much again as the mooa, and three 
times her bulk. That satellite also has nearly two 
thirds of the density of the moon, and half as much 
again as Jupiter's own. These variations of density 
among the planets and their satellites are remarkable, 
following no apparent law whatever. 

Their distances &om the centre of Japiter are re- 
spectively about 6, 9J^, 15I, and 27 times his radius; 
which follow Bode's law very well, the difierences 
being successively about 3, 6, 12. Consequently the 
first appears to people on his surface (if there are any) 
about as large as our moon does to us, the second and 
third about half as wide, and the fourth a quarter as 
wide, or one sixteenth as large. But the largest of 
Jupiter's moons has only the ir,300th of his mass, while 
our moon is nearly one eightieth of the earth. Their 
elements are more fully given in the table at the end 
of the book. 

They all move so nearly in the plane of Jupiter's 
orbit (which also nearly coincides both with his equator 
and our ecliptic) tliat tiiey are eclipsed every time they 
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pass, except that the fourth escapes sometimes. And 
they like onr moon, always show the same face to their 
planet. The largest of them looks rather less than 
Neptune, and the apparent diameter of the smallest, at 
our mean distance trom them, is under i". 

The period of the first is 42^ hours, of the second 85^, 
of the third 172I, and of the fourth i6d. i6ih, ; so that 
the periods of the first three are succesaiTely a very 
little more than double of each other. And from that 
coincidence of periods several remarkable consequences 
follow. Whenever the second and third are in con- 
junction, the first is exactly opposite to them ; and the 
place for conjunction of the first and second will be 
opposite to that for the second and third. Consequently 
they cannot all together be either eclipsed from the sun, 
or hidden from ua by Jupiter, or made invisible by being 
in front of his disc with the sun shining on both it and 
them, subject to what is said at p. 227. But two may 
be eclipsed or hidden while the other is so made 
in visible ; and as the fourth may be anywhere, that may 
also be invisible at the same time in any of those three 
waya ; but that happens very seldom. 

Another consequence is, that all the three orbits are 
mutually affected by the disturbances, or strongest 
mutual attractions, coDstantly recurring at the same 
place for the first and second, and at the opposite place 
for the second and third, which aggravates the effect 
upon the second. The effect is to make the first and 
second orbit ellipses with the apses always on the line 
of conjunctions ; and a kind of secondary major axis or 
pair of apses of the third orbit also : only that happens 
to have a larger independent eccentricity of its own in 
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aoothei direction. But the perijove of the first and the 
apqjove of the second are at their place of conjunctioD ; 
and the second's perijove and the third's apojove are at 
their conjunction ; or the three orbits are pushed away 
from each other at the two places of conjunction. 

But the periods are not exactly double of each other ; 
and that makes the line of conjunctions and of apses 
revolve slowly backwards, aa each conjunction comes a 
little before the place of the last ; and it takes 486J 
days for them to work round, which make 68 periods of 
the third satellite, and 137 of the second, and 275 of 
the first. This is something like the ' great inequality ' 
of Jupiter and Saturn (p. 230) : indeed this is relatively 
greater, for it takes many more periods of the disturbed 
bodies to work round. Moreover here every conjunction 
falls near the same place, but only every third conjunc- 
tion of Japit«r and Saturn, and the two intermediate 
ones rather counteract than aggravate the effect. This 
subject is worked out at greater length in Airy's 
Oravitation than wo can afford it here ; and it is not 
im easy one. 

The satellites of Jupiter, and of Saturn too, suffer 
another disturbance from the great oblateness of those 
planets, and from Saturn's ring. A sphere would be 
tamed into an oblate spheroid by shaving pieces off the 
poles and laying them round the equator. Two pieces 
taken from the pole and laid on the near and far sides 
of the equator will attraot a distant body in the plane 
of the equator more than at the poles, because they are 
brought into the direct line of attraction ; and the one 
on the near side gains more by the shortening of its 
distoaoe than the other loses by the lengthening it, aa 
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at p. 173. The other pieces removed from the poles to 
the equidiBtant Bides of the equator neither gain nor 
lose in attraction. Therefore on the whole a sphere 
gains in distant attraction in the plane of its equator 
by being turned into an oblate spheroid, though the 
attraction at the equator is less because the distance 
from the centre is increased (p. 43). A fortiori, if the 
spheroid becomes a flat plate, its attraction in that 
plane most exceed that of a sphere of equal mass : and 
if the middle, or most spherical part, of the plate is cut 
out, leaving a ring, the ring's attraction must still more 
exceed that of a sphere of equal mass. 

This excess must evidently bear some inverse relation 
to the distance. In the case of a spheroid at a con- 
siderable distance it is demonstrable that it practically 
varies inversely as the square of the distance ; and that 
the distance of the first moon being 6 times Jupiter's 
radios, his attraction on it would be thus increased by 
nearly a 24th of his ellipticity, or a 408th, and would 
shorten its period an 8 r6th, if his outside were as dense 
as his inside : which it is not, and therefore the effect 
is less. The effect is less on the fonrth moon, which is 
27 radii off, in the proportion of & to 27*, or 36 to 729 
or not one 20th as much. Therefore also each moon 
is less accelerated at apojove than perijove ; and that 
eofnp(xrativ6 loss of attraction at apojove makes their 
apses advance, as the greater loss of earth's attraction 
at apogee than perigee makes the apses of our moon 
advance (see p. 205). 

The spheroidicity of the earth produces similar effects 
on the moon, but too small to be appreciable in her 
period, because the earth is much less oblate than 
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Jnpiter, and our moon's distance is 60 times the earth's 
radinB. But on the other hand, she goes much higher 
above the equator than his moons do, viz. 28^° ; and 
consequently she saffers another disturbance in return 
for her distuibing our polar axis by nutation (p. 73). 
For the polar attraction of an oblate spheroid at a 
given distance falls short of that of an equal sphere 
twice as much as the equatorial attraction exceeds it, 
though the attraction at the pole is greater (p. 43). 
Therefore the earth's attraction on the moon is greategt 
when she is ou or near the equator ; and thus she is 
disturbed both in latitude and longitude by the earth's 
ellipticity : which can be calculated from the amount of 
these disturbances, and is found to agree with the result 
obtained by other means. 

Besides the eclipses of Jupiter's satellites, and their 
ooeuUalions behind him, they may transit over his face, 
either as dark or bright spots, according to the position 
of the sun, and according as they pass over a dark belt 
of Jupiter or a bright part of his face ; or they may 
cast t^eir shadows as dark spots upon him while their 
bodies appear as bright ones, either on his disc or beyond 
it. I cannot go further into these phsenomena, but will 
tell yon of two discoveries made through these moona. 

Velocity of light diacovered.— Some years after 
Galileo had discovered the satellites (see p. 233), 
their eclipses were observed always to come too soon 
when Jupiter was at his nearest to the earth, and too 
latd when he was farthest off, or about half as far 
again. The extreme difference between the early and 
the late eclipses was no less than 16m. 26s., a variation 
&r too great to be tolerated or attributed to mistakea 
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even in Uie early days of astronomy. Accordingly 
Bdmer, a Danish astronomer in 1675, Mt upon the 
Bolution that the light itself takes some definite time 
to come, and eponds those 16^ minntes in coming 
across the whole width of the earth's orbit, or the 
difference between the nearest and the farthest distances 
of Jupiter and his moons from us. Therefore the light 
takes 8^ minutes to come here from the sun, which is 
at half that difference of distance. But the sun's 
diBtance has to be found by other means, unless we 
can find the velocity of light independently, and then ' 
that will give ua the sun's distance (p. 85). We will 
now see how the longitude of places on the earth may 
be found by means of Jupiter's satellites, besides 
another method depending on the moon. 

Finding the longitude-^The longitude of a place 
is simply the difference between the local clock time 
and the clock time of Greenwich turned into degrees 
at the rate 4 min. to l° (p. 10). The time of any 
place is that of a clock which is at 12 when the sun is 
on the meridian of the pl&oe, subject to the correction 
called the equcUion of time, which is the same for all 
placefl, and is given in the almanacs for every day (see 
p. 77). The time of noon at any place may be found 
from the fact that the snn is equally high above the 
horizon, and shadows are of equal length, at equal 
times before and after noon; besides other methods 
involving more mathematics, and by the stars as well as 
the snn. The beginning or end of an eclipse of a 
satellite of Jupiter, which happens very often, may be 
used as a common signal to be observed at Greenwich 
and the place in question, as much as if it were a rocket 
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visible to them both, or the locfd time of day telegraphed 
to the other. Instead of the eclipees being observed at 
Grreenwich, they are calculated for Greenwich time, and 
published several years beforehand in the Nautical 
Almanac ; and so when yon have observed the local 
time of an eclipse anywhere, you can at once see its 
difference £rom the Oieenwioh time. Bat after all, 
this method is little used in navigation, becanse these 
eclipses cannot be observed accurately enough at sea. 

Longitude by Lnnar DiatanoeB.— The appiaent 
distance of the moon isom the sun, at any convenient 
star, can be measured by the seaman's instrnment, 
called a sextant, first invented by Newton, in which you 
see one object coinciding with a second reflection of 
the other from two small mirrors, when one of them ia 
turned through the proper angle, which you can then 
read off ; and a man can hold it in his hands stesMlily 
enough* This apparent distance has next to be 
turned into trae distance, which means the apparent 
distance as it would be seen &om the earth's centre, 
by calculations for which tables are provided ; and the 
local time of the observation must be taken. The true 
distance of the moon from the aun and some suitable 
stars is given in the Nautical Almanac for every 3 hours 
of Greenwich time through the year ; from which the 
Greenwich time corresponding to the observed distance 
(reduced to true) can easily be found ; and its difier- 
encd bom the local time of ^e observation is the 
longitude of the place. 

If you have some chronometers keeping Greenwich 

* See Newton's papei ia Ph. Tr., vol- 4], and Bactmtt and Longitwia 

in 'BnglirJifTynlfipMliiK.' 
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time, no other obserratiou is wanted but thst of the 
local time of noon, or of any star transit whose Green- 
wich time is in the almanac. It is not safe to rely on 
one watch, eaiA if two differ yon do not know which is 
most right ; but three give a tolerably safe average, 
if they are good ones ; and of coarse the more yoa have 
the better. Sometimes a great many are used for fixing 
the longitude of important places, and are carried 
backwards and forwards between them and Greenwich. 
But that is now better done by electric telegraph, when 
the local times are known. The parliamentary reward 
of £20,000 was given to John Harrison in 1767, for 
making the firat chronometers that would find the 
longitude within 30 miles after a long voyage ; and 
they have been very much improved since liien. 

Finding the latitude is a more straightforw»d opera- 
tion, and there are several ways of doing it. Por the 
latitude of a place ifi the altitude of the pole above the 
horizon, or the mean of the greatest and least altitudes of 
any star, or the angular distance of the equator Itom 
the zenith, along the meridian ; which is equal to the 
sun's zenith distance at noon, added to his declination 
or distance fixim the equator, or 90° minus his polar 
diaianoe, which is in the almanac for every day. 

UEA8ITBINO OF DISTANCES BY FARAIXAX. 

AU the modes of measniing the distances of the sun, 
moon and planets (except by the velocity of light) 
depend on one principle, viz. that of ascertaining tJieir 
parallax, or apparent change of position with reference 
■ to some other body when looked at from places far 
apart on the earth. Our two eyes ouconsciously measure 
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distancea of things not too far off by parallax ; i.e. 
when the distance between our eyes -;- the distance of 
the object is not too small an angle to be sensible. If 
yoa see anything straight behind an upright window 
bar when you rfiut the right eye, you will see it on 
the right when you shot the left eye, because it is 
moved by parallax. That is the general meaning of 
the word, but it is conTentionally anderstood that for 
objects in the solai system the two places of obserra- 
tion are to be at the distance of the earth's equatorial 
radius apart, or reduced thereto, so that 'parallax' 
when used alone means the angle represented by the 
earth's radius-^the distance of the body. For example, 
the moon observed from two places 7000 miles apart 
(reckoned through the earth) makes different angles 
with any star properly situated for measuring, i.e. in 
the same plane aa the moon and the two places. Those 
angles differ by 108' or -^ \ and therefore the moon's 
dist^ice is 34 X 7000 miles ; hut what is conventionally 
called the moon's parallax is the angle not of this 
accidental 7000 miles -j- moon's distance, but of 3963 
miles so divided, which is 57'. It is best to use the 
longest distances apart we can, because that gives less 
risk of error, and it is easy ta reduce them to the 
earth's radius afterwards. 

The distance of Venus, the nearest planet, might be 
got in the same way, bot for the iact that she is never 
high enough above the horizon at night to escape 
being so much affected by the re&action of our atmo- 
sphere that snch observations could not be relied on, 
and the parallax of Venus is always a very small 
angle compared with the moon's, and tiierefore a slight 
b2 
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eimraffiwtBit ^moremvNulj- BatHaiSH&eefrtHii 
that fotmer di^eoltr, and thoe aze timci, as we hare 
seen, when bets wiULm40iiiilliniiiulea(^tIiee*>th,<ff 
ik4 much EutlMT off than V^tna ; and though that it 
l66 times u tar as the moon, and theief-iAe his paiallax 
is i66 times less, still it is mcaiini able with props cstcl 
Jtaa is in this &ToaiabIe position, <rf oppomtitHi to the 
son, and as near as he can be to the earth's sphelicm and 
his own perihelion, nearlr erery 8 yean. It wbb so in 
1 862, soon after the fiist suspicion was entatained that 
the old distance of the snn and planets was ovenated ; 
and adnmtage was taken of Mais's paaitian then to get 
his parallax by nnmeroas obserratioQs at places as bx 
apart as po^ble near the same meridians, such as 
Greenwich and Helbonme, Folkowm and the Cape 
of Good Hope, Ac And the result was that all the 
otMerratkms conciuTed in giving that parallax fiiv Mais, 
which made the sun's distance nearly ^fioojaco miles, 
by the ]vop<Htions known independently, as stated at 
p^ 85. Another opportanity occnired in 1877, still 
more fsTourable than that of 1862 ; and frran that a 
rather smaller parallax or lu^er distance wag dodaced. 
The same process has been nsed with sererat of the 
asteroids with sboat the same resnlt, bat as they are 
farther off they are not so good as Uars for the poipose^ 
On the other hand they are so small that they look 
like points, whit^ is adTantageoos. 

I promised to explain how the proportionate dis- 
tances ue Connd independently of the actual distances 
of the snn and planets. The proportion of snn and 
moon's distances was the earliest attempted, by the old 
astionomeiB, hot with reiy ezraaeons lesolts. If it 
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were possible to obeeire tlie time of exact half-moon, 01 
when the bub and earth are at right angles to the moon, 
which was called dichotomy, it conld be done ; becaiue 
it is easy to meaanre the angle of their apparent 
distance from each other, and then the proportion 
between @ and O ^ is fonnd at once. But nnfoi- 
tunately the exact half-moon cannot be known by 
inspection, nor even by calculation without first know- 
ing the sun's distanca If yon look at apparent half- 
moon through a telescope, or in a good photograph, 
such as those in Mr. Froctoi's book on the Moon, or 
Nasmyth and Carpenter's, you will see that the better 
the means of observation are the worse the ' terminator ' 
of light and darkness is in ' definition,' being in fact a 
very rough and gradually shaded boundary instead of 
the shrap straight edge which it looks to the naked 
eye. This method therefore, which was invented by 
AristaiobiiB as abeady mentioned (p. 39), gave a result 
ridiculously wrong, making the sun's distance only 19 
times the moon's. Another attempt by HippEochus 
to measure the sun's distance by ^e time the moon 
takes to go through tiie earth's shadow in a lunar 
eclipse, was and must be an equal failure practically, 
though it is theoretically right. 

The proportion between the distances of the sun and 
Venus or Meronry is easily fonnd from their greatest 
* elongation,' Le. tiieir greatest apparent distance &om 
the sun ; which is when lines from &e planet to the 
earth and son are at right angles, corresponding to 
half moon. In that right>«ngled triangle then all the 
angles are known, because two are, and that gives the 
proportiona of all ^e aides, though it tells nothing of 
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their actual size. The exterior planets have no 
greatest elongation, except that of being apparently 
at an infinite distance tiom the sun at opposition. 
But as tbeit periods are known, and therefore the 
proportion of theii orbit gone through in a day, that 
can be compared with the daily portion of the sun's 
apparent orbit, and thus their distance can be com- 
pared. Or still better, now that we know ftom the 
law of gravity that the cubes of the distances of all the 
planets must vary as the squares of their periods, we 
can fix theii proportionate distances at once. But they 
were found by observation and geometry long before 
that rule was known. 

The lunar equation. — The sun's distance however 
can be deduced from the moon's when we also know 
her mass to be "0123 of the earth's (p. 179). For the 
earth revolves every month round the c. g. of the 
earth and moon, which is 2S95 miles from the earth's 
centre, as we found at p. 129. Consequently the earth 
is every fortnight alternately 2895 miles before and 
behind its mean place, and would appear to people 
in the sun to oscillate about its mean place tlm)ugh 
twice the angle of 2895 — sun's distance, instead of 
going uniformly. The sun does so appear to us to 
oscillate, and that is called the lunar equation, which 
is only another kind of parallax, or apparent change of 
place in a fixed body by reason of actual change in the 
moving one. That angle (measured ftom the mean 
position) is 6"'S or •000315, which=2895-i-92,ooo,ooo, 
and that last figure is therefore tiie sun's distance. 
But unfortunately it is impossible to observe the 
position of such a Urge and bright body as the sun with 
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any thing like the same accniacy as a star, and there- 
fore this method ia not capable of giving very accurate 
reeulte. It may strike yon as a further objection to it 
that the eon's distance is inTolved in calculating the 
moon's mass, from the tides and from nutation, as we 
saw at pp. 73, 179, and therefore it looks like reason- 
ing in a circle. But it is not ; because those calcula- 
tions involve the cube of the sun's distance -H his mass, 
and that we saw is a fixed proportion, represented by the 
length of the year, whatever they may be separately. 
These various methods, and those mentioned at p. 85, 
and some others, all gave a parallax between 8"'78 and 
S"*943. The latter was generally adopted for a few 
years after 1 862, but was suspected to be too large even 
before the late transit of Venus, and now there seems 
no donbt that it is. If you think that this looks a 
considerable difference, yon may realise what it is by 
the fiict that it is only one 56th of the whole parallax, 
and equal to the width of a shilling seen 18 nules off. 
And now we proceed to what is, or rather used to be 
the most perfect, though the rarest, of all the modes 
of finding the sun's distance, by a 

TBAKSIT OF VENDS. 

This phenomenon can only happen twice in 121^ 
years on the average, the two occasions being always 
8 years apart — if there are two, for occasionally one of 
the pair misses. Those of the last centi^y were on 6 
June 1761 and 3 June I769,and the two of this century 
are on 8 Dec. 1874 and 6 Dec. 1882; and there are 
no more till June 2004 and 20 1 2. 

This peculiar order of recurrence of the transits 
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affectB the manner in which it is usually (though not 
always) necessary to observe them, and therefore it 
should be explained. Venus's orbit is inclined 3° 23' 
(or '059) to tiie ecliptiC) or that is her greatest helio- 
centric latitude (seon from the snn). £ut a tranait 
cannot happen unless her geocentric latitude (seen from 
the earth) is less than the sun's apparent radius of \&. 
(You must remember that celestial latitude is measured 
from the ecliptic, not the equator extended to the 
heavens.) Her distance from us at inferior conjunction 
is fths of her distance from the sun ; or more exactly, 
her eim's distance is 2-6 times her distance firom ne ; 
and therefore her heliocentric latitude must be within 
16' -j- 2'6 or 6' 9" for a transit to be seen ; and her 
heliocentric longitude or distance from the node, 
must be within & 9"-~'059 or 103'. Indeed itmust be 
rather less ; for Venus's apparent diameter is then 39", 
or nearly a 6oth of the sun's, and a mere grazing of 
the sun would hardly serve for a transit. So we 
may say practically that the transit limits are 1° 40' on 
each side of a node or 3° 20' altogether. Therefore 
while the earth is within that heliocentric angle we may 
see the transit, other things being favourable ; and as 
we go 59' a day, we may call the transit limits either 
3^ days or degrees as we please. At present we pass 
through Yenus's ascending node $2 , where she rises 
ham south to north of the ecliptic, on Bee. 7, and 
the descending node iS on June 6. But they advance 
about 1° every 121 years in longitude from cp, though 
they recede 41' sidereally ; but op recedes loi' by 
procession in that time. Therefore the transits of each 
century come a day or two later than the last. 
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A synodical period (p. 142) of Venne and the earth 
is 583'92 days, and the earth in that time goes once 
rotind the son sideieally -J- 215°^ and YeuuH twice 
round + 215°^; which is only J" short of Jths of 360°. 
Therefore the conjunctions may be said to fall on the 
spokes of a great five-spoked wheel, in the order 1 42 5 3 1 
(tnakiiig the figure called a pentagram), which wheel 
itself reTolves backwards nearly 1 8* a year ; so that 
every fifth conjunction, in every eighth year, falls on the 
same spoke, but the spoke has moved 142' backwards. 
Also when spoke i is at ji spoke 4 will be 36^ in ad- 
vance of ^ and will work back to it in 121^ years, neu 
enoogh for a transit. But the long period between 
two transits (not of the same pair at one node) most 
evidently be some nomber of years divisible by 8, -1- 
half a year, becaose the conjunction must be at the 
opposite node. Therefore although I2ii^ years is the 
mean interval between two transit seasons or oeien- 
iHums, it may be either 8, years more or less ; and that 
depends on the place in the earth's orbit where the 
trwisits happen, on accoimt of its different velocity 
at different parts. But it is unnecessary here to go 
into those minute details, which you will find in 
Mr, Proctor's book specially devoted to this subject, 
beyond saying that the December or perihelion transit 
season comes 113^ years after the June one, and that 
is 129^ after the December one. 

It is necessary however to explain the conditions for 
a pair of transits. As the transit limits are 103' on 
each side of the node, and the eight-yeaily conjunctions 
are 142' apart), it foUows that if there is a transit more 
than 39' beyond the node in longitude, theie is room 
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for another before the node 8 years afterwards ; but if 
a transit is nearer the node than 39' there can be no 
other at that season. So that a very central transit is 
necessarily a single one. ^Further we see that the first 
of a pair of December transits mnst be a northern one ; 
as it mnst be after Q , or over the northern half of the 
snn, and the second a sonthem one ; and the first of a 
pair of June transits must be sonthem, and the second 
northern: the importance of which we shall see 
presently. 

Though Horrocks, with his friend Crabtree, first 
obserred a transit of Venus, on 4 Dec. (N.8.) 1639, and 
promised a treatise on finding the parallax thereby, he 
did not live to write it. That was left for another 
young Eistronomer to do nearly a century later, viz. : 
the celebrated Edmund Halley, afterwards Astronomer 
Eoyal. It is true that James Gregory in his Optica 
Promola in 1633 had proposed a method which some 
writers have called equivalent to Halley's ; and I 
followed their authority in the early editions of this 
book until I saw Gregory's, and found his method to 
be entirely different, and useless : indeed he admitted 
himself that it would be difficult HaUey's paper is in 
Latin in the PhiL Trans, 'of 1716; and it is singular 
that the method there proposed is really not that which 
is always called by his name, though they agree in 
using the difference of durations of a transit as seen by 
the parts of the earth farthest north and sonth of the 
ecliptic at the time ; but Halley contemplated a very 
central transit ; and yet the method that is called his 
is best for a very eccentric one, and generally (but not 
always) best for the second of a pair. That of 4 Bee. 
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1874. was a striking exception to that rule; and that 
of 6 Dec. 18S2 will be also, beoanse there are unfor- 
tunately no accessible antarctic places suitable for 
Halleyian obeeirations of it In 1769 his method was 
used, but it was unsuitable for 1761. 

The principle of it is this. The people at the north 
of the earth (from the ecliptic) see Venus projected 
rather lower on the sun than those in the south ; and 
therefore they see a northern transit lengthened, and 
a southern one shortened, and vice versE ; neglecting 
the earth's rotation for the present The difference of 
lengths of the two transit paths is accurately repre- 
sented by the difference of the times they take, and the 
difference in lengths gives the distance between the 
two paths by very easy geometry. This requires no 
very exact knowledge of the longitude of the places, 
nor of the local time, but only the duration, which will 
be given by a clock that goes decently for a few hours. 
But we also want to know the time that a perfectly 
central transit would take, and luckily we can find that 
without knowing the son's real distance or diameter. 
For Venus with her shadow sweeps round him at the 
rate of 96' a day, and the earth 59', and so the shadow 
would appear to people on the sun to pass the earth at 
the rate of 37' a day. But the same linear motion of 
Venus which appears 37' at the sun appears 2-6 times 
as much here, or 96' (again a merely accidental coin- 
cidence with the other 96'). The sun's apparent 
diameter is exactly a third of 96' (not that a transit can ' 
happen with the sun at mean distance, as they must be 
in June or December), and therefore a central transit 
would take a third of a day or 8 hours. It is very 
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easy to calcol&te the distance between two parallel 
chords representing the number of honra of observed 
dnrations in a circle whose diameter is 8 hours. Suppose 
that distance is fonnd to be = a 48th of the diameter ; 
then if the places of olHerration are at the distance of 
679s miles across the ecliptic" the distance of the 
transit paths must be 2*6 times that, or 1^,869, and 
consequently the sun's diameter 48 times that or 
857,716; and his distance we know is 108^ times his 
diameter, or 92 million miles for that diameter. 

The transit paths can now be photographed, by a 
series ofohserrations of Venus as a travelling spot, and 
the distance between them measured afterwards by 
comparison of the photographs magnified. Indeed a 
Tery few, or even one, ol»erTation of the transit when 
nearest its middle at each place will do, if they are 
properly selected, in the way which Mr. Proctor sug- 
gested, so as to make errors of centrality affect the 
result least; i.e. they should lie in a plane through 
the sun's centre. Many photographs were taken of 
the last transit, and those results were expected to 
be as valuable as any. At any rate they had the 
advantage of being firee from all ' personal errors ' of 
observation ; for it is well known that different persons* 
senses observe the same phsenomenon with different 
rapidity, especially when it is not a very distinct one, 
like Venus entering or leaving contact with the sun. 
Direct measuring of the dist^ce of Venus horn the 
sun's centre is impossible, because the sun's centre 
is not marked for us, and it cannot be determined very 

* I aa; tb« ediptio for Bimplioity, bnt the leal pUne la tliat of 
Veniis'a ftppsient motion foi the tEme. 

L;,q-,:....,G00gk' 



Photograpkie Observations. 269 

accurately^ &om the bright circumfeTence. Bat some- 
how or other the photography of 1 874 did not answer 
the expectations that were fonned of it. 

It is eridentlj important to select such plac^ as will 
make the difference of duration of the two transits seen 
as great as possible, so that errora of obserTation may 
affect the result as little as possible. Either the 
northern or the southern station must be in its winter, 
with all the risk of clouds and fogs. Fortunately 
boweTHT it is seldom necessary to go so near the pole 
which is in winter as to the one that is in summer ; 
for the illuminated or transit-seeing hemisphere 
includes the pole which is leaning towards the sun, 01 
is in its summer, but does not come near the other. 
Still there is great risk of fogs even in summer within or 
near the arctic circles ; and bo a good many places must 
be chosen to improve the chances of success. Moreover 
the earth's rotation complicates the problem, and sfflne- 
times helps and sometimes hinders the difference of 
duration. And again, that effect of rotation may be 
overbalanced by other circumstances, according to the 
direction in which the transit shadow sweeps over the 
earth : which we shall find was a very important con- 
sideration in the transit of 1S74. 

liet as first take a transit over the sonthem part of 
tiie 8un in December, which we saw at p. 266 must be 
the second of a pair. The south pole is then timed 
towards the sun ; so that places behind that pole, as we 
may call them, can see the aim and the traoait, because 
they are then in the condition of having no night And 
even beyond the antarctic circle for some distance they 
may see the beginning and the end of the transit, 
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thoogh they have their short night in the middle of 
it; but the beginning and the end are enough for 
meaeuring the time. Now the people in tho south see 
the longest path of a southern transit on the sun, inde- 
pendently of rotation ; and the effect of rotation is to 
carry those at the back of that pole, who are then going 
by rotation the same way as the earth in its orbit, along 
with the shadow of Venus over the earth, though not 
so fast as the shadow goes, and it makes their transit 
longer still, and increases the difference between that 
and the one seen from the north. 

But in the first of a pair of transits all that is re- 
versed, and the rotation diminishes the difference of 
duration to the people at the back of the pole com- 
pared with that in the other hemisphere, and therefore 
such observations are of no use ; although that may be 
compensated in another way in a very eccentric transit 
as we shall see presently. Accordingly it was found, as 
1761 approached and the position of Venus's nodes was 
ascertained, that the duration method would not do; 
and another was invented by Delisle, whose name has 
been attached to it, as Halley's has to the other. It may 
be roughly described as taking the east and west paral- 
lax of Venus instead of the north and south. We have 
now no more to do with transit paths on the sun, but the 
beginning of the transit is observed as an independent 
phEenomenon from somewhere on the east side of the 
earth for the time, where it is seen earliest, and some- 
where on the west side, where the transit begins some 
minutes later. The end of the transit may be observed 
as another independent phsenomenon 4 or 5 hours after- 
wards tiom two other places near the eastern and western 
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edges of the earth then. This looks very simple, hat it 
hae the disadTantsge of requiring the longitudes of the 
places of obserration to be known far more accurately 
than Halley's, and also the exact local time of the be- 
ginning or end of the transit, which may not bo found 
accurately unless the weather has been fine lately. 

Delisle's method has to be applied thus. Tenus 
with her shadow sweeps round the sun 96' a day, 
and the earth 59' ; and therefore the shadow would be 
seen &om the sun to overtake and pass over the earth 
at the rate of 3/ a day or i"'54 a minute. Suppose 
that in a central transit (for simplicity) the ' ingress 
begins 1 1 minutes earlier at the extreme east of the 
earth or sunrise than at the extreme west or sunset. 
Not that obserrations so close to the horizon will really 
do, because they are distorted by the refraction of the 
air ; and we must be content with places less than the 
earth's diameter apart ; but the proportions would 
remain the same. That makes the earth's diameter 
1 1 X i"'S4 or I7"7, as seen from the sun, which is only 
another expression for '000086 of the sun's distance 
(p. 8) ; which is therefore the earth's diameter divided 
i^ that decimal, or about 92,ooo/)oo miles. But you 
see the 1 1 minutes' difference is taken at two places 
light across the earth, and we must know their longi- 
tudes exactly, as well as the two local times, to get 
the true differences of time and petition. An error 
of only a second might make that observation worse 
than useless for correcting our present almost certain 
knowledge of the sun's distance. Accordingly Delisle's 
method has always been regarded as the second beet, 
and decidedly inferior to Halley's whenever that is 
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suitable : in &ct I taow of no book on astronomy 
wheie it was even described, until lately in tlie dis- 
cussion wbidi I most adveit to presently. The calcu- 
lations for an eccentric transit are of cooise less 
simple, end it is not necessary to explain them here. 

The Deliele observations of 1761 differed so mnch 
itom each other that they could not be relied on ; for 
though some of them tnm out now to have been right 
it wafi impossible to know then which they were. The 
sun's distance had been estimated before that, by other 
methods, at about 90 million miles, and so it remained 
ondisttu-bed by the results of the 1761 transit, ontU 
the unlucky mistake in the deductions &om the 
observations of the 1 769 transit, which was suspected in 
1S54 and had become all but certain before 1857 ; or 
more probably in some of the obserrations. ^ffone of 
the supposed explanations of the mistake are now con- 
sidered satisfactory': so I do not repeat them. 

The phases of a transit which are best for aU except 
photographic observation aie the first and last internal 
conta^ of the black spot of Yenns with the Imght disc 
of the sno ; and these are shortly called ingress, whioh 
means completed ingresB, and egress, which meuis 
egieBB just beginning. But herein lies the difGculty. 
Apparent internal contact is not real, on account of that 
qu^ity called irrvidiati&n, which makes a bright body 
always apparently encroach on a dark one, so as to 
make the bright one larger, and the dark one smaUer, 
and therefore diminishes the size of Yenns seen against 
the sun, while the sun himself is enlarged (p, 121). 
But until the real Yenns has got within the real sun she 
hangs on to hia edge, by a ' drop,' or ' ligament,' which 
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gets tbinuer and thiimer until it becomes a fine line 
and breaks. In like manner egress begins with such a 
line, which thickens until the black spot appears to be 
just at internal contact with the sun. At any rate this 
appears so to most observers ; bat the 1S74 transit was 
less affected by it than was expected &om previons 
experience. This hanging on varies as to time with 
the obliqueness of ingress and egress, which depends 
on the distance of the transit from the sun's centre ; 
but in an average transit it lasts somewhere about 20 
seconds ; in a central one it is less. It also varies with 
the state of the atmosphere and the character of the 
telescope, lasting several seconds longer when the sun 
is bright than when it is dim, though of course it 
cannot be actually cloudy for a ttuisit to be seen at all : 
so that unfortunately the real internal contact cannot 
be identified either with the breaking of the drop 
or any other phase of it Even where there is no 
' black drop,' apparent contact is not identical with 
real, for the imidiation exists still ; but the difference 
may be constant, and therefore immaterial. 

The controversy between the late Astronomer Eoyal 
and Mr, Proctor as to the best mode of observing the 
1874 transit is as much a part of the history of astro- 
nomy as the proceedings in the discovery of Uranns, 
and the conditions of the problem cannot be under- 
stood without some account of it. 

Sir G-. Airy told the B. A. 8. in a paper of 1857, and 
still more strongly in another of Dec. 1 868, that Halley's 
method would be inapplicable to the 1874 transit, 
because it is the £iBt of a pair, and so no advantf^e can 
be taken of the earth's rotation, as I have explained 
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already. For the same reason he said it would be 
applicable in 1882, and suggested SabtLoa-land as an 
antarctic station for it, in another paper of June 1864. 
In 1 868 he expressed some doubt whether that would 
be suitable in poiut of climate, but strongly urged that 
an exploring expedition should be sent to ascertain that 
point. Sereral Admiralty and other naval authorities 
at once supported him, and said there was no insuper- 
able difficulty In such expeditions, and expressed full 
confidence in its being undertaken. Bepreseutations 
to the Admiralty were duly made, and it was under- 
stood and stated that the expeditions were to go ; but 
that the 1874 transit was to be observed by Delisle's 
method only, as he said Halley's was unsuitable. 

But a month after the publication of that paper of 
1 868, viz., in March 1 869, Mr. Proctor, then a young 
man much less known than now, astonished the B.A.S. 
by announcing that he had found the Astronomer 
Itoyal's conclusions, that Halley's method ' fails totally 
for 1874,' was itself totally erroneous ; and that on the 
contrary that transit would be on the whole singu- 
larly well adapted for it, giving larger differences of 
duration than that of 1769, or any other of which the 
elements are yet known. He farther said that send- 
ing antarctic expeditions for Ealleyian observations in 
1882 would be a perfectly useless waste of money and 
risk of sailors' lives, because the sun would be too 
hear the horizon for any reliable obsarvations at the 
places proposed, and no other suitable ones would 
be accessible. M. Fuiseux, of the French Board of 
Longitude, also disputed Sir G-. Airy's conclusions as 
to 1874, but not so decidedly, nor so soon. 
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In a furtlier paper Mr. Proctor gave the mathematical 
proof of his concluaion about the 1874 transit. It 
waa questioned on one point by Mr. Stone, which he 
answered, and hia accuracy was no farther qnestioned 
either by Mr. Stone or any other mathematician in 
England or elsewhere. No public notice, however, was 
taken of this striking contradiction, beyond quietly 
dropping the projected antarctic expeditions for the 
1882 transit, then a long while off. As i874diewnear 
Mr. Proctor began to write again npon the subject, 
but still without the least notice from Sir G. Airy, 
imtil it was proposed by me, and carried, in the 
council of the R. A. S., to give the Society's medal 
to Mr, Proctor for this and his other labours. Then he 
wrote a letter deprecating the confirmation of the 
award, and depreciating Mr. Proctor's work as much 
as possible, but still not disputing its accuracy, noi 
explaining how it could be unimportant unless it was 
wrong. Nevertheless the award was confirmed by a 
larger majority of 2 to i, though not the 3 to 1 which 
the bye-laws require 

Shortly after this there were urticles in the 'Spec- 
tator ' and the ' Times ' calling public attention to the 
risk the nation was running of a more discreditable 
miscarriage than that of 1769, by wilfully neglecting 
what every astronomer had considered the best mode 
of observation, provided it is applicable. Mr. Proctor 
afterwards avowed the authorship of the former of these, 
and the latter was guessed by many persons to be mine. 
Neither of us had any idea that the other was writing 
at the same time. Thereupon the Admiralty did 
actually move so far as to ask Sir G. Airy for an 
I 2 
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aoBwet to these articles ; and be wrote one and read it 
to the B. A- S. in March 1873. He no longer main- 
tained the inapplicability of Halley's method, but 
argued that it would be on the whole inferior to 
Pelisle'e ; and took np an entirely new ground, of cli- 
matical objection to the best stations for astronomical 
xesults both in the extreme north and south ; especially 
the proposed Siberian ones, which he did not beliere 
Bussia woidd undertake with the Yery small probability 
(as he assumed) of fine weather theve in Pecember. It 
turned out however that both the probability and the 
fact were the other way, and most valuable obserrations 
were got there. He also quoted Dr, Oppolzer of Berlin 
for the not very novel remark that longitudes for 
Pelisle's method can be found more accurately now 
than in 1761, when it practically failed. But the risk 
of error in the local time remains. 

Mr. Proctor immediately replied, with a table of 
numerical results for the combination of every pair of 
stations in the world which had been suggested, which 
showed a considerable superiority in HaUey's method 
in several of them. Not that it really signified whether 
Deliste's would be as good as Halley's, as he had never 
proposed to abandon Belisle's, but only not to abandon 
Halley's, or north and south observations, using each 
at the best places for them. As to the climatical 
objection for the south, he merely cited the naval 
opinions which had been so promptly given in favour 
of antarctic expeditions when Sir G. Airy wanted 
them. One of those naval authorities indeed, the then 
Admiralty Hydrographer, wrote to the ' Times ' to say 
that he now agreed with the A. B. in condemning an 
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antarctic expedition ; aa he had agreed with him in 
1868 in recommending it : a truly Taloable opinion. 

The Admiralty, i.e. Mr. Gkmchen the First Lord 
thereof, thought they had done quite enough by 
consulting the Astronomer Boyal as to whether the 
Astronomer Eoyal was right or wrong, and told Par- 
liament that they meant to follow his advice, and have 
no Halleyian observations. They had been furnished 
with Mr. Proctor's reply ; bnt it is not the nature of 
official people to regard such things, even to the extent 
of referring the matter to some independent authority, 
as had been urged in the newspapers. 

But by this time astronomers in general had fc^pm 
to be alarmed; and after some unpublished corre- 
spondence (which I had not heard of when I wrote a 
summary of these proceedings in the ' Times ' of 2 Jan. 
1874, in a letter with my name — none of the later 
articles were mine, or Mr. Proctor's, except letters with 
his name) a resolution wag moved by Professor Adams 
and unanimonsly carried at the Grreenwich Visitation 
in June 1 873, that an ' application be made- to the 
Govemmeut for the means of organising parties of 
observers in the Southern Ocean with a view to finding 
additional localities for observing the whole duration 
of the transit,' ia for Halleyian observations." This 
was rather too weighty a communication for thft 
Admiralty to extinguish with the dictum of their 
Astronomer Boyal, and they agreed to send the required 
expedition, notwithstanding their Hydrographer's 

* In the B. A. S. ■ Notioee ' it is moorrectlj added that ' tlie A. B. 
nutde tbU application at the luggGBtian of the Board of Viiiton.' It 
wumade t^theFietident of the B. A. B^ Mohainnaii of theBoaid. 
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apprehensions, which it is gratifying to find were no 
more realised than Sir G-. Airy's about Bnssia. 
Halleyian observations of the transit were also at last 
settled to be made at several places both by us and 
other nations. Indeed other nations, and notably 
America, had rejected Sir G. Airy's views for Mr. 
Proctor's long before. Mr. Proctor publicly espressed 
his satisfaction at this reanlt, and also that some Indian 
observations were to be made, which he had proposed 
and the A. K. had expressly rejected, both in his letter 
to the Admiralty and befora Nevertheless in a letter 
to the R. A. S, Council he denied that any alteration 
had been made in his plans: which statement, with 
the whole matter, I leave to the reader's reflections, as 
I did the history of Neptune. 

It is however necessary to explain how his origintd 
mistake came to be made ; and how it happens that 
EaUey's method can be the best for a transit in which 
no advantage can be taken of the earth's rotation. The 
answer is tbe osnal one, that the mistake arose, not 
from miscalculation, but from not taking dne account 
of all the circumstances : i.e. of the peculiar manner 
in which that transit swept over the earth on acconnt 
of its great eccentricity on tbe son ; for Venna was to 
be nowhere nearer to the son's centre than 7-8thB of 
his radius. We must consider then how the earth 
enters and emerges from that imaginary ring, or rather, 
conical shell in the heavens, where the outer edge of 
Venus just hides the circumference of the sun ; which 
we may shortly call the shadow-ring at the distance of 
the earth. The whole of Venus would cast a ring of 
shadow from the sun's circumference, considered as a 
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mete bright ring, abont 2^ times aa tliick as her owu 
diameter : but aa we only want internal contacts, the 
ring we have to deal with is a mere circle of no 
thickneBS, but with a diameter about J of the son's, 
or 42 times the earth's diameter. 

We may treat Venus, Son, and shadow-ring as 
stationary. If we give 
all the relative motion 
to the earth, which will 
then go through the ring 
ae in this fignre,looking 
at the son. For making 
mapsof the earth during 
the transit, such as Mr. 
Froctor's,!it is necessary 
to look firom the sun, 
and then of coarse the 
direction is reversed. 

The earth goes as much below the centre of the 
shadow-ring as Yeous goes above the son's centre, uid 
I have exaggerated the size of the earth in the four 
small circles at I (ingress) and E (egress) to show more 
clearly that the upper Yeit hand or north-eastern parte 
of the earth for the time first enter the ring, or see 
' ingress most accelerated by parallax,' and the sonth- 
western parte enter last; or see it most retarded. 

The ring is so large compared with the earth that 
the piece of it which sweeps over the earth is almost 
a straight line ; and ae the earth only takes some 25 
minates to pass through it, the latest ingress is seen 
by nearly the antipodes of those who saw the earliest. 
I do not represent the apjpareut obliquity of the path 
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of YenuB over the snn, wliich is ugnally and rightly 
given in pictuies of the transit, becanse it has nothing 
to do witii the obliqueness of entrance and emergence 
on the circomference, which depend solely on the 
eccentricity of the transit. That apparent inclination 
of the path is due to the inclination of Venas's orbit to 
the ecliptic, which is exaggerated by her apparent 
daily motion in longitude being reduced by the earth's 
motion from 96' to 37', while the latitude is not reduced, 
and also dne to the slight inclination of the earth's 
azis to the right at that time, which would be none 
if it were exactly at the solstice. Her latitude and 
longitude' are equally affected by distance. This 
picture will agree with the osual ones if you incline 
the p^e nearly r 5" to the right. 

At egress E, the converse of all this takes place, tuad 
the earth having turned some way round in the 3J 
hours which its' centre takes to cross that chord of the 
ring, the first places that see egress are those on the 
south-east side of the earth at that time ; and their 
north-west antipodes (nearly) see the latest egress. 
Then the only proper way to s^ect places ofobservatioQ 
is to mahe two maps of the earth at (mean) ingress 
and egress, and to find by trial what places in tiie north 
combine the earliest ingress with the latest egress and 
what places in the south combine the latest ingress . 
with the earliest egress ; and all pairs of such places 
will give the best results for the Halleyiau method. 
By this process rotation and everything else has been 
ta^en into account in a way that is impossible by any 
general or d priori reasoning. 

Mr. Proctor showed that between properly selected 
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places the combined difference in 1874 was 33 minutes, 
whereas it was only 24 in 1769. So after all that was 
a singnlarly faTourable transit for Halley'e method, its 
great distance from centrality preponderating over the 
loss of advantage from the earth's rotation, which cannot 
benefit the first transit of a pair. In TSS2 nnfortn- 
nately it will not do, for the reason given at p. 274.* 

The second edition of Mr. Proctor's ' Transits of 
Yenns ' contains a summary of the disappointments and 
successes of the 1 874 observations, and on the whole the 
BQccesses appear to have been as numerous as could 
fairly be expected under the uncertainties of weather. 
It appears that the Delisle observations were the most 
unlucky of the three binds I have mentioned. And 
though the Astronomer Boyal is not responsible for the 
weather, it would have been an aggravation of our 
failure and ' international ' disgrace tf we had persisted 
in taking no observations except those which the weather 
happened in a great measure to defeat The Halleyiaa 
and mid-transit photographic observations on the other 
hand were said to have ' given a series of excellent 
results.' Among the latter should be especially noticed 
those obtained by Lord Lindsay in an expedition to the 
Mauritius fitted out by himself at great expense, as he 
had previously done for the eclipses of 1870 and 1871. 
One of the many curious phenomena of this transit 
history was Sir G. Airy's refusal, in his answer to the 
Government and the newspapers, to recognise Lord 
Lindsay's expedition as being anytliing more than a 
hope that a private astronomer would do something 
eq^nivalent to what he had advised the Government to 
* I am ravinng thin In September 18S3. 
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do, 80 as to set dee a ship for employment elsewhere. 
Aa a deduction however from these last successes, Mr. 
Proctor mentions the strange omission to provide for 
mid-transit observations at the best place for them 
in the southern hemisphere. Cape Town, though we 
had a veiy able local astronomer royal and an ob- 
servatory established there. 

The parallax that was first deduced from that 
transit and other methods together by Professor 
Newcomb in America, was 8"-88, which I adopted in 
the edition of 1876. In 1877 Sir G. Airy astonished 
the B.A.S. by announcing as the result of the English 
observations, chiefly Delislean for the reasons I have 
given, a parallax of only 8"7S4, or a distance of 
93,375,000 miles. I remember he said that above 3 
million figures had been used iu the calculation. This 
was very soon questioned by Mr. Proctor, who said 
that there was so great a discrepancy between the 
results obtained from the beginning of the transit and 
from the end, which ought to agree, that there was 
plainly something too wrong for the mean of them to 
be relied on. Mr. Stone, then Astrouomer Koyal at the 
Cape and now Radcliffe observer at Oxford, soon after- 
wards deduced the same as the American parallax 
withiu a small possible margin either way.* Since 
then 8"-85 has been accepted as the most likely to be 
correct. Mr.Harkness of the Washington Observatory 
summed up the results of all the methods that have 
been used in modem times in the American ' Journal 
of Science' in Nor. 188 1, and said that no more can be 

* See B. A. 8. ' Notioea,' vol. xxxviii, fbr these, and Mr. Pnwtai's 
'Pleasant Waye,' aod 'Bough Woji,' 
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proBotmced with certainty thoD that the paraUfix lies 
between 8"75 and 8"'9, and is probably nearer 8"-85 
than anything else. Even if the obBerrations of the 
only surviving transit of this miUennium should give 
a slightly different lesnlt, unless they ate all very 
unanimous, it will leave the question much where it 
is; and ae o"'03 out of 8"-88 only adds a 296th to the 
92,000,000 miles which I have used, that may very 
well be kept as the most probable round figure for the 
sun's distance. 

Transits of Heronry are much more common, oc- 
curring at intervals of 7 and 1 3 years ; but the same 
cause which makes them more common' makes them 
useless for finding the sun's distance, viz.. Mercury 
being twice as near the sun as Venus is and twice as 
&r from us ; which makes the distance between the 
transit paths four times less than for Tenus, and 
mnch more than four times less likely to give accurate 
results for the sun's diameter or distance. 

All astronomical observations, except those for 
finding a parallax, have to be corrected for the earth's 
parallax, or as it is called shortly — parallax, or the 
distance of the observers iJX)m the earth's centre, ' ^ 
parallax ' being reserved for the sun's parallax in the 
sense we have been considering. Otherwise the 
observations made and recorded at one observatory 
would be unintelligible and useleBS at any other. By 
that correction they are ' reduced ' to the earth's centre 
as a common point for all observations. We have now 
to consider two other corrections which have to be 
made before any observations can be considered oom- 
plet«, and in a state fit to be recorded for future use. 
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ABEBBATION AND SEFRACTIOH. 

The stars and stin and planets are apparently dis- 
placed, or are seen in wrong places, from another canse, 
called aberraiion. The discoyery of it by Bradley 
the Aetronomer Boyal in 1727, the year that Newton 
died, was a oonsequence and a confiimatiou of the 
preTions discovery, that light takes a definite and 
measurable time to come from the son and planets ; 
not that the planets have any light of their own, hut 
only reflect the sun's, ae the moon does, subject to what 
is said of Jupiter and Saturn at p. 227. We may 
explain aberration thus : — If yon are running when 
the rain comes down straight without any wind, yoa 
get wet in front and not behind, and the rain beats 
against you as it would if you were standing still and 
the wind blowing in youi &ce. And if you carry an 
empty tube pointed straight np, the rain will not fell 
through it, but will strike gainst the back inside : if 
yon want the rain to fall through, you must slope the 
tube forwards, more or less according to your velocity 
forwards compared with that of the rain downwards. 
Then for rain substitute light, and the motion of the 
earth for your own running, and you know what aber- 
ration is. 

Therefore whenever we are moving directly across 
the light from any star, it appears before its true place 
by 20", which = 0000 1 (seep. 9), because that is the 
proportion of the velocity of the earth to that of light 
(p. 85). ' Before ' means in the direction the earth is 
going ; and if yon look at p. 224 you will see that that 
moves Q a little to the right, and so diminishes the 
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angle SeO, oiEQe, or earth's heKocentrio longitude, 
ot sun'a geocentric longitude, by 20" always. The 
earth would only be seen by any etar in the ecliptic to 
oscillate, not to circulate, half-yearly; and therefore 
such stars more Backwards and forwards 40" by aber- 
ration eyery year. But stars near the poles of the 
ecliptic would see the whole of the earth's orbit as a 
circle (neglecting its insignificant ellipticity), and so 
they describe a oirde of aberration 40" in diameter. 
All other stars have their aberration circle fore- 
shortened into a perspective ellipse, with a major axis 
of 40" lying across the line to the earth, and the minor 
diminished according to the star's latitude or distance 
fi:om the ecliptic, where the eUipse sinks into the line 
of oscillation. 

This aberration or annnal revolution of all the stars 
in various little orbits of their own, according to their 
distance &om the ecliptic, afTords the only direct proof 
that the earth goes round the sun, and not the sun 
round the earth. It was abeord enough to suppc»e, as 
the ancients did, that all the stars go round the earth 
dally as if they were fixed in a frame with its axis 
through the poles of the earth ; but it is utterly in- 
conceivable that they should all have such peculiar 
individual orbits besidei, as would be necessary to 
produce the visible effects of aberration with the earth 
stationary. This motion however is too small to have 
been visible before the days of telescopes. 

Refraction. — There is yet another correction to be 
applied to most telescopic observations before they can 
be said to have given the trae place of a star, as it 
would appear from an earth no bigger than a point 
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quite still, and without an atmosphere to bend the rays 
out of a straight line. For this is what the atmosphere 
does, and it is called refraction. If you holda stniight 
stick any way but upright in a trough of water, it 
appears to be suddenly bent upwards, or farther from 
upright, with an elbow at the surface of the water, and 
the trough itself looks less deep than it does when it is 
empty ; so that if you stand where you cannot quite 
see the bottom of the trough empty, yon will be able 
to see it when it is fulL And conversely, if your head 
were under water all things outside of it woidd appear 
elevated. 

The reason is, first, that you see everything in the 
direction of the rays as they at last reach the eye, by 
whatever road they have come, as things seen in a 
■ mirror appear to be behind it ; and secondly, the rays 
of light are always bent towards the perpendicular in 
the denser of two mediums which they pass through 
obliquely. Consequently anything in the water is 
seen by ra^s in the air more oblique than those which 
started from it in the water, and so it appears lifted. 
Again, as air is denser than empty space, though very 
much thinner than water, the rays which come to us 
fsota the stars exe bent towards the perpendicular, 
end so they appear higher than they are, except when 
they are abeady as high as possible, or in the zenith. 
And the sun and moon always do, since they are never 
in our zenith ; and the lower they are the more they 
are raised by re&action. For the law of refraction is 
that the distance of any point of a ray &om the per- 
pendicular to the surface, in the second of the two 
given transparent mediums, always bears a fixed pro- 
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portion to what the distance of the same point wonld 
have been if the ray had not been bent aside or 
refracted. This ia shortly expressed to those who 
Imow a little trigonometry by saying that the sme of 
the angle of incidence bears a fixed proportion to the 
sine of the angle of refraction, depending on the nature 
of the two mediums. 

Besides this, the density, and therefore the refraction 
of the air decreases upwards, as yon may see by taking 
a portable barometer up s mountain ; so much that 
although an atmosphere of uniform density and of the 
known weight of 1 5 lbs. on the square inch would only 
reach 5 miles high, it does in fact reach about So, and 
it is not certain that it ends there. Consequently the 
rays are not bent with a single elbow, like the image 
of the stick in water, but into a curye, continually get- 
ting more upright as they approach the earth, and yon 
see the star in the direction in which the rays at last 
reach the eye. Moreover, the lower the star is, the 
more obliquely the rays enter the air, and the more 
they are bent. Befraction is also diminished by heat, 
as that expands the air and makes it thinner ; and it 
increases with a rise of the barometer, which indicates 
increased density in the air, and so it can only be 
found and applied by tables which have been prepared 
iiova. long experience. Sir. G. Airy called * refraction 
the bane of astronomers,' because it cannot be calcu- 
lated with certainty like aberration and parallax. 

The average amount of it for objects half way up 
from the horizon to the zenith is about i', but at the 
horizon it is as much as 33', which is rather more than 
the apparent di^neter of the sun or moon, Conse- 
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qaently ttey have really set, or have not riBOii, when 
tiiey appear to be jast above the horizoD, being lifted 
their whole height by refraction ; and the moon may 
be totally eclipsed with the sqd apparently above the 
horizon, thoagh the earth is really straight between 
them. From the same^canse the French cliffs, and 
even ships on the sea near them, can be seen from the 
English coast in some states of the atmosphere. There 
is no refraction sideways, and it increases so rapidly 
towards the horizon, that the lower edge (or Hmb, as 
they call it) of the sun or moon is lifted rather more 
thEui the upper, and therefore they do not appear quite 
round, but visibly broader than high when they are 
just rising or setting, and yet not exactly ellif^cal, 
but more flattened at the bottom than the top. 

Their appearing larger at the horizon to the naked 
eye is only an optical delusion ; for in fact they appear 
smaller, as the vertical diameter is diminished by 
refraotion and the horizontal one is not increased. The 
delusion is generally attributed to our being able to 
compare them at the horizon with things on the earth. 
But I doubt if this is the proper explanation; for it 
is eqiially the case when it is too dark to see anything 
but the moon itself just rising, and at sea, where there 
is nothing else to be seen. Tou may observe too that 
a man looks much larger against the horizon on the 
top of a hill than when you are at the top and he ia 
at the bottom. I believe the reason is that when things 
are on the horizon we compare their linear dimensions 
with the length of horizon which the eye takes in, 
but that in the middle of the sky or earth we compare 
the area they cover with the area the eye takes in, 
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Assaming the eye to see diBtinctly over 30° of appareot 
width, the moon on the horizon coTeis one 60th of 
that ; but when it is high np it only fills the 3600th 
of the area of sty which the eye sees all round it. Be- 
tween these two estremeB some compromise is made 
unconsciouBly, and a different one by different people's 
eyes. 

Another theory has been propounded, that the en- 
largement of the sun and moon on the horizon is due 
to a peculiar effect of the red raya on the eye, which 
then evidently preponderate, from the greater absorp- 
tion of the other colours by the atmosphere. But if so, 
the red sun in a London fog ought to look larger than 
the white ann in a damp fog : which it does not. 

From another cause the moon really measures less 
when she is rising or setting ; that ia, when we are just 
coming into or going out of sight of her. Forthejwirts 
of the earth to which the moon is just rising or setting 
may be farther off by half the e^h'a diameter than 
the places ftJl in front, whioh have the moon on their 
meridian ; and the earth's radius is one 60th of the 
moon's distance. Therefore her diameter will appear 
one 60th less, and her whole disc about one 30th less to 
the places fertheet off, whioh can just see her, than to 
the places nearest. But the difference of the earth's 
radius is praotioally nothing in the distance of the sun, 
and therefore you cannot say that the sun appears 
smaller on the horizon than on the meridian, as the 
moon does, except from re&action. 

Twilight is also caused by the air, but not in the 
same way as refraction. 'When the sun is not more 
than about 15° below the horizon his lays are a little 
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refieeted down to as from the yapours and other Btnall 
particles of matter in the air. The more ohliqnely the 
gun goes down the longer he takes to get as low as 
15° below the horizon, and consequently twilight lasts 
longer in high latitudes than within the tropics, where 
the sun's path may be vertical or through the zenith 
at noon, and is quite so in some latitude there every 
day. The condition of the air also makes a consider- 
able difference in the length of twilight. 

The blueness of the sky is also due to the reflection 
of the violet rays by the air, from some unknown cause ; 
and is therefore greater when the sun is low, and 
greatest at night, when he is below the horizon alto- 
gether. Professor Tyndall has shown that the blue rays 
are reflected by the very small particles of various gases 
which the other rays pass through. So, he adds, the 
crimson glow of the Alps in the evening and morning 
is due to transmitted light which has its blue consti- 
tuents sifted out in passing through a great length of 
atmosphere. The same fact also accounts for the light 
of the sky being polarised (p. 105) by oblique reflection 
&om the particles of air.* 

UBTEOBS OB SHOOTIKQ STABS, AND AEBOLFTES. 

Until a few years ago nothing was known of these 
bodies except that they were occasionally seen in small 
numbers or singly ; but twice a year, i.e. about the loth 
of August and 14th of November, there was what was 
.called a shower of them ; and further, the November 
shower waa found to be much thicker every 33 or 34 
■ 'Prooeediiie>oftlie&orEai]iBtitntioii,'T. 44o< 
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7ear8. These phienomeQa had been observed &om 
very early ages. The November shower, or at least a 
shower of shooting stars, is recorded in the Anglo- 
Saxon chronicle of 704, and again in 902, and the 
period of the Angust shower is recorded in Chinese 
annals of 1000 years ago as agreeing very exactly with 
a sidereal year; so that it comes a day later in 71 
equinoctial or common years. That has no 33 year 
maxim nm, and the effect of it might be prodnced by 
a continuous elliptic orbit, of any great length, fnll 
of meteors going round the snn in a plane different 

rom the ecliptic, and crossing the earth's orbit on 
Ang. 10 ; or else by a mere cluster of meteors revolving 
round the sun in exactly the earth's sidereal period, 
which would make the earth &11 in with them always 
if it does once, until the eccentricities of the two orbits 
and the motion of their apses throw them out, as they 
certainly would have done in much less than 1 000 
years ; and therefore that hypothesis is very improb- 
able. Indeed it is now considered certain that their 
orbit is a very long and eccentric one, with aphelion 
beyond Neptune, but perihelion nearer than ours, and 
a period of 147 years for each meteor. As many as 

100 regular meteoric days are now reckoned in the 
year, besides the stray meteors which are seen almost 
every night, though there are no such large streams 
B8 the August or November ones. 

For some time the theory of Professor Newton of 
America was received, that the November meteors 
revolve in a nearly circular orbit rather smaller than 
the earth's, inclined 17° to the ecliptic and crossing it 
at the earth's place on Nov. 14, and going the opposite 

V a 

C,q,t,=cdbvG00g[C 



292 Orbit of the November Meteors. 

vaj to the earth in 354*62 days; and that this orbit 
is a thin stream with a thick Imop in it, which we 
therefore fall in with every 3 3 years, and a little of it 
the next year on accoimt of the length of the lump. 
As a matter of fact the nodes of the meteoric orbit 
recede with reference to their direction, or advance in 
longitude with reference to oois, 52"*4 a year; and 
that, with the precession of onr equinoxes, from which 
longitude is reckoned, makes the meteors come a day 
later nearly every 34 years (only an accidental coin- 
cidence witii the other 33 or 34), 

But Professor Adams added to his other discoveries 
the calculation that the nodes of such an orbit would 
not recede 52" a year under the disturbances of the 
planets, but only 2 1"; and consequently that that is not 
the true one. And it is now universally agreed that 
the true orbit is that which he propounded, making the 
period of each met«or (for they must be considered 
individually under the law of gravity) the 32-25 years 
which have been the average period since 1 8 Oct. 902 
(N.S,), with an ecoentrioity 54 times that of the earth's 
orbit and a major axis 10-34 times greater, and therefore 
reaching beyond Uianus at their aphelion, and crossing 
our orbit near the meteoric perihelion. Consequently 
the thickest part of this long elliptical ring crosses our 
orbit once in the 33-25 years; and it is egtimated feom 
the time the earth takes to go through it (about 2 hours) 
that it is 100,000 miles thick at that part And 
as we sometimei cross it two years running, it follows 
from the necessary velocity in such an orbit, that the 
thick part must be 1000 million miles long. 

Moreover these two orbits have been identified with 
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those of two known comets ; and great astronomers in 
varioos parts of the world almost simultaneously 
adopted the theory of identifying comets with the 
meteoric orbits. But the constitution of both meteors 
and comets is still uncertain, or rather perhaps, variable, 
as the spectroscope is said to prove that some of them 
are gaseous, while many meteors, and of courBC all that 
reached the earth, are solid, and composed of known 
substances, of which iron is the principaL They also 
contain considerable quantiries of hydrogen, nitaogen 
and carbonic acid taid oxide ; and some, cyanogen or 
pruasio acid,'and sulphide of iron. The cauae of their 
luminosity is simply the heat generated by their 
rushing through the air, which entirely bums np the 
small ones. It is stated in an article upon them in 
Mr. Proctor's ' Orbs Around Us,' that they appear at 72 
miles high, the atmosphere there being just dense 
enough to heat them by friction. The height at 
which they disappear by combustion must depend on 
their size, for some reach the earth. 

One of the ^ts longest noticed in the great showers 
was that the meteors of one time appear to radiate in all 
directions &om one point in the sky, which is a star in 
the constellation Leo for the November ones, and they 
were sometimes called Leonides accordingly. But this 
is only the effect of perspective, arising from the way 
the earth is going just then, nearly the opposite way to 
the meteors, which doubles their relative velocity and 
makes it about 40 miles a second. If a quantity of 
rockets were shot straight forward to us from the end 
of a street they would all appear to radiate outwards 
in every direc^on, except the few which came directly 
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to DB, which would have no perspectiTe and would 
appear stationary points ; and so do some of the meteors. 
The 'radiant,' or point from which they radiate, is 
that to which the earth is driving, which is always 90° 
from the sun (disregarding eccentricity of our orbit) or 
in longitude 90° less than the sun's. It is of no use 
looking for the shower until our part of the earth has 
come by rotation into the position of facing it, which 
must evidently be near midnight ; for then we are 
going by rotation in the same direction as by revolu- 
tion, remembering that they are both from right to left 
in this hemisphere. And the shower begins about 15 
minutes sooner in the south hemisphere than the north, 
because the south of the earth touehes the inclined 
plane of the meteoric orbit first. 

Meteors vary in weight from a grain to about a 
pound, but few genuine meteors are above that ; and 
taking into account mere meteoric dust, it is thought 
that the average weight is not a grain. The larger 
bodies called aerolites sometimes reach a good many 
tons, though that is rare, and people have been killed 
by them. These mostly come by day, and therefore 
the theory advocated by Mr. Proctor seems probable 
enough, that they are ejected by the sun, in which case 
they wonld almost certainly reach the earth by day, i.e. 
would strike the side of the earth for the time facing 
the sun, however long they may have taken to come. 
The nocturnal meteor syatemB are probably innumer- 
able, as the earth encounters at least 100 of them, and 
as they are not particularly attached to the ecliptic, it 
is calculated that the chances are in favour of there 
being considerably above a million of them. It was 
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an old idea tliat they were ejected ttom volcanoes in tiie 
moon : but first of all there is no reason to believe that 
those volcanoes are alive now ; and if they were, they 
would have no power to eject stones far enough to 
exchange the moon's attraction for the earth's unless 
they were enormously stronger than any volcanoes on 
the earth. There is no kind of evidence in favour of 
that notion. No elements foreign to the earth have 
been found in any meteors, though some of them come 
from the farthest regions of the solar system, and some 
probably from the son. 

Mr. Banyard> then secretary of the E. A. S., collected 
in vol. xxxix. of the Notices,* a quantity of evidence that 
meteoric iron dust is found on snowy mountains, and 
actually falls with snow, and in the sea ; aud he tells 
me he found it in the Nile. It may be caught by 
exposing plates covered with glycerine (like fly- 
catching paper, I suppose). Even when large meteors 
are burnt by passing throngh the air their non-gaseous 
parts would be turned into dust. Very small ones 
would probably reach their terminal velocity in the 
air before getting hot enough to bum ; for the air's 
resistance to a body's motion varies as the square of 
its width, but its momentum as the cube. 

We have already seen the important part which they 
were supposed to play in maintaining the sun's heat. 
Mr. Proctor suggests (' Other Worlds,' p. 210) that the 
planets too, and especially the large ones, are constantly 
gathering in meteors and so enlarging themselves and 
maintaining their own heat, and in fact may have been 
composed by aggregation of meteors. 

* And Bee Frootor's * FuuiltM Soienoe Studies ' thweon, p. 47> 
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Laplace's Nebular Theory Bhonld be noticed here as 
the lival ODB for the compositioQ of the solar syet^m : 
not that any theory can acconnt for all the motions of 
the unirerse without Bome original impulse besides the 
mere creation of matter and attractive force and heat 
It is quite impossible that all the S planets and the 
moons of all but two of them, and all the planetoids, 
can haTe come to revolve in the same direction and so 
nearly in the same plane without some common impulse 
at first. Laplace's theory is this : — 

If an enormous globe of nebulous matter w^re once 
set slowly whirling in the general direction which we 
call &om west to east, it would gradiuilly contract by 
cooling and gravity, and revolve faster, because its 
' moment of inertia ' is thereby diminished, and then 
throw off rings, and then each ring might break and 
gather itself into a globe, which would partake of the 
original rotation besides revolving in the general direc- 
tion ; and^eaeh globe itself might afterwards throw off 
smaller rings, which would either stay as such, like 
Saturn's, or break and run together into moons. 

The distances of the planets therefore represent the 
force of expansion of the original nebola against the 
attraction of its parts. Indeed, whether this nebular 
theory is true or not, the distance of everything from 
everything else represents all the force which has been 
expended from ' the beginning ' in separating them, or 
the vie viva they would acquire in coming together by 
attraction. And its increase as they approach is no 
' creation of force ; ' nor its decrease as they recede a 
' destruction of force : ' it only reappears in one case and 
becomes latent in the other, as explained at p. 25. 
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The explanation devised for the abnormal motions o£ 
the moons of Uranos and Neptnne is that those planets 
had their axes tamed much more than the earth's 
out of the perpendicular to their orbits before they 
threw off the rings which became their moons. But I 
have seen no suggestion to explain how any planet's 
axis could be so disturbed after it had become a 
rotating globe (which resists such disturbance) and bad 
either thrown off a moon or not ; or how the November 
meteors came to adopt the opposite direction. 

It must be added however, that experiments can be 
made to exhibit the process, and to show that a mass of 
fluid, and therefore of nebuloua matter, set rotating will 
throw off lings when its velocity is increased enough to 
overcome its cohesion ; and that if a ring breaks it will 
gather itself up into a globe by the attraction of its 
particles. The experiment is this : water is lightened 
with spirits of wine till it has such a specific gravity 
that oil will lie anywhere within it' The oil thereupon 
becomes a globe by its own attraction within itself 
(p. 1 1). The whole, inclosed in a glass box, is set spin- 
ning, with an axis through the oil to make it spin too. 
The oil globe first spreads into an oblate spheroid : then 
as it is whirled &Bter it throws off a ring, which revolves 
round it ; after a time the ring breaks and gathers itself 
up into a smaller globe which rotates besides revolving 
round the large globe ; and then another ring is thrown 
off as the velocity is again increased, and so on. 

The experiment is defective in neither being able 
to represent the attraction nor the contraction of the 
globe, on which the whole theory depends. For the 

* That ii the befit wftjr of tskiug nstoT'OiL 
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attraction of a sluinking globe on its own equator in- 
creases as the square of the radius decreases, and the 
centrifugal force (radius X angular velocity') may or 
may not increase faster than that, according to the 
variations of inside and ootaide density. English 
mathematicians seem to consider this theory too un- 
certain to he worth expounding ; but I believe French 
mathematicians have calculated from the present sun's 
rotation, that when it was as wide as each planet's 
orbit it would torn in nearly the present period of that 
planet : and the same of the planets and their moons. 

And if the solar mass did turn at that rate, there 
would be the same equilibrium as now between the 
centrifugal and attractive forces ; for the attraction on 
any planet, and therefore on the sun's equator, if it 
swelled into a globe as wide as the planet's orbit, would 
be the same as it is now, since a globe attracts at any 
distance outside as if it were condensed into its centre ; 
and we shall see afterwards that a nebulous globe of 
any uniform density can all rotate together. But if the 
density then increases inwards the moment of inertia 
will decrease, and the outer parts will be dragged by 
attraction after the inner, which have begun to revolve 
faster, and so they will be made to go faster too, and 
their centrifugal force will make them dy farther out, 
increasing the oblateness of the globe, and perhaps 
separating as a ring. 

Whether Laplace's theory is accepted or not in all 
its details, the tendency of modem opinion is decidedly 
in favour of the nebulous origin of the solar system. 
Mr. Proctor advocates the meteoric theory of continual 
aggregation by every solid body attracting and 
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catching the meteors that came within its raDge ; and 
the tmivetse may be considered full of meteor streams 
in every direction, as fsir as we know it. There seems 
no reason why hoth processes should Dot go on 
together. The revolution of all the bodies in the solar 
system, except comets and meteor streams, in one 
direction is a powerfnl argument in fiivonr of the sun 
and planets having once formed what may be loosely 
called one mass, all moving together, though ite 
elements would be diffused in a nebula 1 800 million 
times thinner than oar air, if it filled a sphere only 
twice as wide as Neptune's orbit, and it was probably 
much larger. At the same time the promiscuous 
motions of comets and meteors prove that there must 
have been some other primitive state of things beyond 
the great rotating solar nebula ; but what that state 
was we hare no idea yet. 

And when I say ' primitive ' state of things I only 
mean by comparison with the present. For it is self- 
evident that a rotating nebula containing heat and 
attraction cannot have been the first state of things, 
even if self-existing atoms of matter are conceivable, 
matter being only known by its properties, or modes 
of action in various circumstances, which are innu- 
merable ; besides the infinity of the number of indivi- 
dual atoms of each kind, or which always behave 
uniformly in like circumstances. Heat is one kind 
of motion or force, and gravity is another, and a 
general rotation is another, and there are the motions 
of all the meteors besides : and every one of those 
motions and forces requires an unceasing cause of its 
own which must have begun so to act at some time. 
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And foi otber leaaons also, which real philosophers 
have explained, the present forces cannot have beea 
acting for ever, though sham philosophers hare no 
difficnity in assnming that they can, and that motions 
of all kinds can be maintained by self-contained eaetgy 
' vithout a continually acting prime cause. However, 
this is rnnning beyond, astronomy, which starts fi'om 
such physical cansea and forces as are known, without 
inquiring where they came from. See my ' Origin of the 
Laws of Nature ' for further remarks on these questions. 

THE FODB CONIO SE0TI0N8. 

There are two other cuires besides circles and 
eUipses, in which the planets could, and some comets 
probably do more, under the law of gravity varying 
inversely as the square of the distance. They are the 
parabola and the hyperbola. A parabola is the curve 
described by a stone thrown into the air any way but 
straight up, or by water rushing out of a hole in the 
side of a pretty full cask, except that the resistance of 
the air spoils the accuracy of the curve. You may see 
a hyperbola in the shadow on the wall from a round 
shade over a lamp set near it. But the remarkable 
thing is that these four curves, the circle, the ellipse, 
the parabola, uid the hyperbola, which are the oply 
possible ones for the heavenly bodies to describe und^ 
the existing laws of nature, are all produced by cutting 
straight through a cone in different directions. Yon 
may have heard the term conie sections without knowing 
what it means, or why whole books of mathematics are 
written about them. There is no part of geometry with 
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80 many cnrions and elegant problems in it ; and the 
reason of its importance is that all the heavenly 
motions are performed in oonic sections, I most 
therefore explain what they are, as fai as I can' without 
mathematics. 

A cone may he defined as a round pyramid, or a 
body with a circle for its bottom and a point for its top, 
and straight ' slant sides.' When the top is vettically 
over the centre of the circle it is called a righA cone, 
and when it is not, an oUique one. Bnt cones are 
always assumed to be ' right ' unless the contrary is 
specified, and we shall deal with them so. If you cut 
a few cones ont of some soft stuff snch as a turnip, or 
get them turned in wood to be sawn through afterwards, 
it will give you a much better idea of the different 
conic seotions than any piotures; or a luge conical 
glass with some wine in it will show all the conical 
sections, from a circle to a hyperbola, as you incline 
it more and more from the vertical, The glass must 
be closed at the base of the cone, or you could show 
nothing beyond an ellipse ; but it need not be closed 
entirely. First of all it requires no cutting to see 
that all sections parallel to the base of the cone, or at 
right angles to its axis, must be circles ; and a circle may 
be considered an ellipse of no eccentricity, or with its 
two foci run together. Nest, any other section of the 
cone, which comes out at both sides, is an ellipse, as 
you will see by cutting it through in that way. And 
the cone is considered to be extended to any length 
required for the elliptical section to come out ^ain 
lower down on one side than the other. You would 
hardly believe without trying it, that the lower end of 
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the section which comes out where the cone is hioad 
is no btoadet than the higher end where it is narrow : 
yet so it is, on account of the difference of the angles 
made with the sides of the cone. 

An ellipse is also made by any oblique section of a 
cylinder, as a circle is the section directly across a 
cylinder. But in fact a cylinder is only a cone of 
infinite length, so that its sides may be considered 
parallel, as when we look at the stars, which are some 
of them much bigger than the sun, and yet look like 
points. This is the explanation of what I said at p. 46, 
that an ellipse is the oblique view of the circle, whether 
near or far off: if near, the lines of sight form an 
oblique cone ; if very far off, they may be considered 
to form a thin cylinder with an elliptical section. 
But the centre of the ellipse is not in the axis of the 
cone, though it is of the cylinder. 

A parabola is a very different looking thing, though 
it is produced by a very little deviation from the section 
of a cone which makes an ellipse. It cannot be cut out 
of acylinder. It is like half— or rather, some indefinite 
part less than half, of an ellipse of infinite length. 
It has no minor axis, for its centre is at an infinite 
distance, that is, nowhere. It is made by cutting 
through a cone anywhere by a cut parallel to the 
opposite ' slant side.' Therefore there can be only one 
parabola, as there is only one circle, at any given 
distance from the top of the cone, which must now be 
considered of infinite extent downwards. The two legs 
of a parabola are always getting more and more 
psjallel to its axis, but never become quite so, however 
far they are extended, 
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A hyperbola ia made by any section of the cone 
which is neither parallel to its slant side nor comes 
out of it at both aides.* It does not differ much in 
appearance from a parabola, only spreading out wider. 
The slightest deTiation of the parabolic cut towards 
the vertical turns the parabola into a hyperbola ; but 
there may be any number of them at any point in the 
cone. In some popular astronomies a vertical section 
only is said to be a hyperbola, but that is a mistake. 
Its legs continually approach two straight lines called 
asymptotes, but never reach them, because they ap- 
proach with a continually decreasing curvature : just 
as the legs of a parabola approach parallelism ; and aa 
the series of weights of apound,halfapound,a quarter, 
and so on, approaches o, and their sum approaches two 
pounds, but neither limit is ever reached. 

This is a convenient occasion to explain what often 
seems a paradox to non-mathematicians, that infinities 
may differ to any extent, even infinitely. Each branch 
of a hyperbola being infinite plainly includes an in- 
finite space ; and yet both branches include twice as 
much, and both together leave out another infinite 
space which may be larger still, unless the hyperbola 
is a very wide one. If the earth were cut in two at the 
equator and one half sent northwards ad infinitttm it 
would pass through or 'generate' a cylinder of the 
earth's diameter, and of infinite length, and therefore 
of infinite size. But the other half sent southwards 

* Mathematically a hTperbola la dtmble, baving two fooi, like an 
elllpBe tamed iuaide out, but the diffeieuce (inatead of the Bam) of tbe 
fuoal dUtancee is oonstaut (see p.' 4b); nhich, joo mUl easilj see, 
makee a paii of equal enrvM : bnt we Duly want ooe of them. 
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would generate another infinite cylinder of the sftme 
size ; and yet the two together only make one infinite 
cylinder. If that cylinder were split in two by a plane 
in any meridian and one half sent eastwaids ad infi. 
tUtum, it would make an infinite plate as thick as the 
earth ; and the other half sent westwards wonld m^e 
another, and yet the two together make only one infinite 
plate. Again, if that plate were split in two, and one 
half sent northwards and the other southwards for ever, 
it would generate the greatest possible infinite mass, 
infinitely larger than the plate, which is infinitely 
larger than the cylinder, which is infinitely larger than 
the earth ; and that ia infinitely laiger than a mathe- 
matical point, or line, or surface ; which are all zeros 
of bulk, and yet may evidently differ from each odier 
infinitely also. 

A parabola and hyperbola can theoretically be de- 
scribed by stringB from the focus or foci, something 
after the manner of an ellipse, but not practically. 
The focus of all the four conic sections is also the point 
where they are touohed by a sphere which touches the 
hollow cone aU round, like a ball pnt into a wine-glass : 
if you draw the outline of the cone and the aiig of any 
conic section, such a sphere is represented by a circle, 
which is easy enough to draw by trial ; and then yon 
may put the rest into a rough perBpective, which is not 
80 easy, but it affords the simplest of all geometrical 
proofs of all the conic sections, by means of the focal 
distances of any point. Of course that involTes some 
mathematios. 

The only thing I have to say about oblique cones is 
to reconcile what is said about the shape of conntriea 
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being correctly represented in a stereograptic map 
(p. 15) witii the fact that every perBpective view of s 
circle is an ellipse ; and one perBpective view of every 
ellipse is a circle. The explanation ia, that an obHque 
cone allows two sets of circular sections, leaning opposite 
ways with respect to the axis of the cone ; and in the 
stereograpMc projeotions of a small circle of the earth 
upon the plan© of the equator, looking from one of the 
poles, the oblique ooue from the eye to that circle cuts 
the equator, or any parallel plane, in a smaller circle 
tiu-ned the other way; and therefore the shapes of 
countries in such a map are truly represented, though 
some of them must be on a larger scale than others in 
any flat map of a round world. 

The particular conic section in which a comet, or a 
planet theoretically, may move depends on the velocity 
with which it happened to be started in some direotion 
round the sun, and also on the direction. It will be 
shown at p. 3 1 7 that it could only go in a circular orbit 
if it was started at right angles to the radius vector and 
with a velocity' =! sun's mass-r-distance. It can also be 
shown by mathematios that if it is projected at right 
angles to the sun with twice that velocity", i,e. with 
1414 times the velocity due to a circle, it will go in a 
parabola of which the place of projection is the peri- 
helion. We may observe too that that is the velocity 
mth which a comet or a meteor would reach that point 
if it came from an infinite distance straight at the sun, 
as at p. 1 13. If the velocity at perihelion is anything 
between those two it wiU describe an ellipse, which 
may be nearly either a parabola or a circle ; and if we 
found a comet travelling anywhere with a velocity' 

X 
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greater than twice the mm's mass — the distance we 
should know at once that it is performing a hyperbolic 
orbit. In either that or a parabolic one of course the 
comet never comes near the sun ^edn. Therefore if 
the Telocity of a comet at the earth's distance irom the 
Bun exceeds 26 milee a second it can never retom, the 
earth's velocity being 18*3 miles a second practically in 
a circla "We cannot go into cases of oblique projection 
without mathematics. In all these calculations the 
sun's mass has to be reckoned in terms of its attractire 
force at the unit of distance, as we shall see in the next 
chapter. 



Less is known of the nature of comets, and especially 
their tails, than of any bodies in the solar system 
and even some beyond it. Their general character is 
that they have what ia called a nucleus or bright 
centre, but transparent, so that stars are seen through 
it, and their rays are not reftacted in passing through 
it eccentrically : then of a less luminous coma, or he^ 
of hair, round the nucleus ; and then, most large 
comets at a certain period of their approach towards 
perihelion throw out a long tail, which swings round 
the snn with them, nearly always pointing from the 
sun, but generally curved a little as if the end lagged 
behind in swinging round. A. very few comets have 
had tails pointing towards the snn. The matter of the 
teil generally appears to be first thrown out of the 
comet on the side next the sun and then to be violently 
repelled to the back side by some repellent force in 
the sun. But no one knows why that should be so 
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while the whole mass approaches the snn under the 
ordinary law of attraction just as if it were a planet 
in a very eccentric orbit. For the orbits of all the 
great comets have been very eccentric, and some 
parabolic, and even hyperbolic ; i,e. they can never 
visit the sun more than once in their liTes, but 
afterwards run off until they perhaps come within 
the range of some stronger attraction from another 
gun or star : otherwise they might go to an infinite 
distance, at last moving practically in a straight line. 

This repulsive force of the aun must be something 
quite different from an explosive force, like that of our 
volcanoes, which is temporary, and only prevails over 
gravity for a short time. It is proved by what we saw 
of some of the envelopes of the snn that there is a 
repulsive force there; and a temporary or explosive 
force would be sufficient to produce those effects, but 
not the effect of comets' tails. There are various other 
difficulties about them. It is inconsistent with the 
laws of gravity that a tail consisting of any kind of 
. matter retaining ite personal identity (i.e. being the 
same matter day after day) can swing round the sun ; 
for they are sometimes one or two hundred million 
miles long, and the farther end ought by the law of 
gravity to go therefore slower than the head, instead of 
faster, as the apparent far end of the tail does ; for 
after perihelion it is in advance of the comet and hae 
gone through a much larger arc 

Therefore the idea prevails that the tail seen aftra 

perihelion, or indeed after any day, is not all the same 

matter as that of the day before ; but is fresh, like 

the smoke or steam out of a locomotive chimney ; so 

X 2 
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that you may say a comet is contiDTially shedding 
the end of its tail by dissipatioD and renewing it by 
emission. Borne tails are short and thick ]ike a 
' batswing ' btumer gas flame, and some are spread oat 
in several distinct rays like a fan. ' Newton's comet ' 
of 1680, the finest ever known, shot out a tail 60 
million miles long in two days and twice as long 
afterwards. It went nearer to the sun than the moon 
is to us, and was exposed toaheat 25,600 times greater 
than the hottest sunshine in the tropics. A- smaller 
one in 1 843 went still nearer, within only 65,000 miles, 
and was exposed to a heat which would melt any 
substances we know of. It has been observed that 
none of the comets of short periods have tails, which 
looks as if they had lost some tail every time they 
passed the sun, until they had no more to lose. But 
that is only conjecture. 

There was also a very fine comet in 181 1 ; but the 
grandest of modem times is called Bonati's, which 
many of us saw in the autumn of 1S58 and nobody will 
see again for 2100 years, as it has to go 80 times as 
far as Neptune. I^ tail was 30 million miles long 
and 90,000 wide near the head, and much wider at the 
thick part of the brush. And at one time it threw out 
two minor tails more rapidly than the main one. Some 
comets have a head 50,000 miles wide. 

Professor Newcomb gives a catalogue of about joo 
comets that have been seen, or at least recorded, in our 
era, besides 200 telescopic ones, of which there are 
now some every year. 

The most famous of the large returning comets is 
the one seen by Halley in 1682, which he identified with 
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several previous apitearances at intervals of 754 years, 
and predicted it would appear again in 1835. And it 
came within 3 days of the exact time calculated by 
several French aatronomeis who had to take into 
account its delays by the attractions of Jupiter and 
Saturn. The comet of 1843, which was seen in day- 
light, was calculated to have a period of 530 years — if it 
has not a parabolic orbit, Herschel said that about 
36 periodical or returning comets are known, of which 
5 have periods from 70 to 80 years and the rest from 
3 to 7 ; and further, that there are only two of the 
whole 36, both long ones, that do not go roond the 
sun the same way aa the planets ; and none of their 
orbits are very far from the ecliptic. This is now the 
more remarkable, because several comets are identified 
with meteoric orbits, which are innumerable and 
inclined at all degrees to the ecliptic. The whole 
orbit of a comet can be laid down from only two observa- 
tions near perihelion. For they give its least distance 
and its velocity there, and that gives the eccentricity, 
or defines the parabola if the orbit is one ; and the 
plane of the orbit must go through the sun's centre 
and the two observed places, and that gives its incli- 
nation to the ecliptic and its nodes. And by a more 
complicated process the orbit can be determined from 
three observations anywhere. I have seen no account 
of any particular comets with hyperbolic orbits. No 
other orbit than one of the conic sections is possible. 

They are liable to fall under the dominion of any 
planets which they approach. The most famous aise 
of that kind was Lexell's comet of 1770, which was 
found to be travelling in an orbit which must have 
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hsd Jupiter near its aphelion, and had never been seen 
in OUT regions before, though it was too large to have 
been missed, especially with such a short period or 
Buch frequent returns. In 6 years it came again ; bat 
not the next time it was due : nor ever since. Its 
orbit bad been made such by that first approach to 
Jupiter that they would concor again in one of Jupiter's 
periods and in two of the comet's ; for it went much 
nearer the sun than Jupiter does, and therefore had 
a much shorter axis major of orbit and period. 
Nobody knows what happened to it the second time 
of meeting Jupiter, nearer than one of his own satellites. 
I have already mentioned that the mass of Mercury 
was determined by its disturbances of comets. Their 
mass is far too insignificant to affect the planets in 
return, or even the satellites of Jupiter, 

The most singular performance of any comet waa 
the separation of Biela's comet of 1845 into tw> which 
returned in 1852, farther apart, but have never been 
seen again, though it was expected to come very close 
to the earth, if not to strike it : which however would 
be much less alarming now than when the tenuity of 
comets was unknown. Halley's comet in 1835 swelled 
to 74 times its perihelion size in 17 days siter peri- 
helion, and then got too thin to be seen any more. 
Other comets apparently contract towards perihelion 
and expand again ; &om which it is inferred that they 
are really expanded by heat there so much that their 
outer parts become invisible, and are gathered up 
again afterwards by attraction. 

As to their constitution, they seem likely to consist 
of the >ama elements as meteors, from the identification 
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of their orbits ; but the elements may be in a gaaeons 
instead of a solid state. It appears to be proved both 
by the spectroscope and by the tails emitting polarized 
light, that the tails shine by sun's light reflected, while 
the head is self-luminous, as an inflamed gas. But 
the outside of the coma sometimes gives a complete 
coloured spectrum, as if it coDsiated of solid particles 
incaDdescent, among which carbon is conspicuous by 
its distinctive ' lines.' Their perihelion expansion also 
tends to prove them gaseous, but not their transparency 
to stars, as that might come from the particles being 
too widely spread to prevent rays coming through the 
whole mass, though it may be*5o,ooo miles across : and 
in that case star rays passing through eccentrically 
would not be refracted (and they are not) as they 
would in passing through a globe of gas. On the other 
hand, no kind of force is known which would keep 
solid particles far apart against their mutual attrac- 
tion, as the natural expansibility of gases does, which 
really is the rapid motion of their atoms. The latest 
account of them is in a lecture by Dr. Huggins, late 
P.B.A.S., at the Eoyal Institution in Jan. 1882. He 
said that the fiivonrite hypothesis now is that the 
tails are somehow an electrical phenomenon ; and the 
bright line spectra prove that the original light of 
comets is due to matter containing carbon and 
hydrogen, which are contained in many meteors also. 
And since then I am told that the sodium lines were 
distinctly visible in the tail of the comet which was 
seen with the eclipse in Hgypt on 28 May 1882. 
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THE LAWS OF PLAIIBTAHT MOTION. 

Newton propounded three fundamental laws of motion 
at the beginning of his Principia, which have never 
since been questioned by any man of competent under- 
standing. The first is that a body will go on moving 
for ever in a straight line under any impulse with 
uniform velocity until some new force comes to alter 
its direction or velocity ; for there is no reason why it 
should change of itself either in direction or velocity. 
The second is that any new or second force draws the 
body aside from a straight line just as much in a second 
of time as if the body had not been moving ; so that 
at the end of the time it is just where it would have 
been if the first impulse had sent it straight on, and 
&en the second force had drawn it aside from there ; 
or conversely, as if the second force had first pulled 
it in it8 direction in no time at all and then the first 
had sent it forward in a second. And that comes to 
the same thing as if the body had moved along the 
diagonal of a small parallelogram of which one side 
is the course it would have taken under one force and 
the adjacent side the course it would have taken 
under the other force. 
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I said a $fnall parallelc^ram, because cnrviliDear 
sliapes and motions are dealt with in mathematics by 
supposing them cut up into such little bits or 'ele- 
ments ' that each may be treated as a straight line or 
bounded by straight lines. That is the principle of the 
' differential calculus,' and the putting together of such 
little bits (a mnch more difficult process) is the business 
of the 'integral calculus.' These also were invented 
by Newton, though in a somewhat different form from 
what is now used. It follows from the second law that 
any force or motion in an unit of time may be split up 
or * resolved,' into two, forming the adjacent sides of a 
small parallelogram of which that is the diagonal, both 
in magnitude and direction. And in fact this, which 
is called the diagonal of forces, is the practical form of 
the second law of motion. The third, that action and 
reaction are equal and opposite is self-evident, and of 
very little general use. Some mathematicians have 
tried to substitute another for it, but with no success. 

The truth of the second law is sometimes illustrated 
in lectures by a machine which is contrived to shoot 
one ball forward horizontally at the same moment that 
it drops another, and you hear them both &11 together, 
though the shot has gone many times farther than the 
other ball. Taking the motion of the earth and san 
together, the earth at one time of the year is rushing 
through space at something near 2000 miles a minute, 
and at another time very little, and yet things fall to 
the earth in the same time always. There have also 
been mathematical proofs invented that this law of 
motion must be true. Newton propounded it as an 
axiom, which means a self-evident truth incapable of 
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dednctioQ from any other. It is immaterial whetlier it 
is so, or ifl proved hj all the experience that can be 
applied to it to giye always true resulto. 

Beverting to what I said of the law of gravity, st p. 
20, it is^convenient to add now, that the term momentum, 
which yon often see, means the mass of a body X its 
velocity, which is also called its ' moving force ' and its 
' quantity of motion.' But it is not that which repre- 
sents the work done in Lifting it, 01 which it will do in 
falling again. That is represented by mass X ^ velocity', 
and ia called ris viva ; and sometimes its ' force of 
motion ;' for velocity* may be proved mathematically 
to = gravity x twice the height Mien through. This 
always means the final velocity when stopped ; and 
• gravity ' means the constant force of it near the earth's 
surface. When the force varies the result is different, 
except for a very short time. Again the via viva of 
rotation, as of a fly-wheel or of the eari^L, is half the 
sum of each particle x its own linear velocity*, or x 
its distance' ftom the axis of rotation x velocity' of 
rotation : which therefore depends on the shape of the 
body. Also the sum of the mass of each particle X its 
distance* from the axis constitutes its mometii of 
inertia, or its resistance to being set in rotation, or 
stopped when it is rotating. This is evidently greater 
in an oblate spheroid than in a sphere of the same 
weight ; and in either case it is two thirds of what it 
would be if the whole mass were condensed into a thin 
band round its equator. 

Consequently the moment of inertia of a shrinking 
globe keeps decreasing and the time of its rotation 
would decrease also (p. 297) ; for each particle would 
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still try to move through the same space in a second, 
and when the radius is diminished a given length of 
arc corresponds to a larger angle or angular Telocity. 
So if you swing a small weight by a long string round 
your finger, it revolves faster as the length of the string 
diminishes by winding up. And therefore in consi- 
dering the earth's retardation by the tides, in connection 
with the moon's secular acceleration, we must bear in 
mind the possibility of the earth still shrinking a little, 
which would tend to accelerate it ; and on the other 
hand the possibility of its enlargement by the continual 
addition of meteors, which must tend to retard the 
rotation by increasing the mass of the earth. But both 
these effects are probably extremely small, if they exist 
at all. 

Gentriftigal force is another thing of which it is 
necessary to have a clear notion. Strictly speaking 
there is no such thing as any force or tendency in a 
revolving body to fly away from the centre. The only 
tendency is to obey the first law of motion and go on 
in a straight line. If a string breaks by which you are 
swinging a weight round, the weight goes on in the 
direction of a tangent to the circle at the place where 
it breaks loose, and the art of slinging depends on 
knowing where to let it loose, so as to send the stone 
forward in the right direction. It may be defined as 
being equal and opposite to tie force required to draw 
the body out of the straight course into the curve in 
which it is constrained to ^, The force which coun- 
teracts the so-called centrifugal force of the planets is 
the sun's attraction, which may be considered a kind 
of elastic string, allowing some variations of distance 
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01 radius vector, but alvays bringing them back 
again. 

Centrifugal force in a circle is easily calculated, and 
we can only deal with the orbits of the planets and 
their moons as circles, without far more mathematics 
than can be introduced here. All force is measured by 
the velocity which it imparts in some small unit of time 
such as a second, during which it may be considered 
constant, whether it is so for a longer time or not. 
Since the Telocity has to increase from o up to what it 
is at the end of the second, the body would have moved 
twice as far as it does if it had been going with that 
velocity from the beginning. Therefore the velocity 
which measures the force is twice the space actually 
moved through in the first second. Centrifugal force 
then ia twice the distance of the end of the arc moved 
through in a second, &om the tangent or straight line in 
which the body would have gone if it had not been drawn 
aside into the curve. Tou must accept it as easily 
proved by geometry that twice that distance = arc* -t- 
radius; or centrifugal force = velocity' in the curve-j- 
the radius of curvature at that point, i.e. the radiua of 
a circle which has the same curvature as the orbit there. 
And since linear velocity (in a circle) = radius x angular 
velocity, centrifugal force also = angular velocity' x 
radius of curvature ; which is a different thing &om 
the radius vector or distance &om the centre of force 
(except in a circle) and does not even coincide with it 
in direction, except at the apscB of the ellipse, and 
even there does not coincide in length. 

In a non-circular orbit angular velocity bears no such 
simple relation to linear ; but this rule always holds : 
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linear Telocity varies inveraely as a perpendicular ftom 
the centre of force drawn to a tangent of the curve at 
the place where the body is. In an ellipse (see p. 3 19) 
the tangent TF^ is easily drawn from the iact that it 
makes equal angles with the two focal distances SP, 
HP ; and ST the perpendicular always meets it in the 
circle which contains the ellipse. 

Circular Orbit: Law of Time and Distance.— A 
planet cannot perform a circular orbit unless it has 
been ' projected ' at some time or other in a direction 
at right angles to its sun's distance and with just that 
Telocity which would give it bo much centrifugal force 
as requires exactly the son's attraction to deflect it into 
a circle from the straight line. We saw that centri- 
fugal force in any circle is velocity* -Madiua. And the 
sun's attraction is his massH-distance^, i.e. radius' of that 
orbit. Therefore linear velocity* must s sun's mass -tt 
distance, for the orbit to be a oirole ; and therefore 
angular velocity' = sun -;- his distance*. Angular 
Telocity is the angle, or &aotion of 360° or 2ir or 
6-2832, moTed through in a second ; or period (in 
seconds) = 2ir -i- angular Telocity ; therefore period* 
= 47r* (or 39*48) X distance' -~- sun's mass : which is the 
law of time and distance that we hare often referred 
to, and have now proTcd &i circular orbita ; and it is 
demonstrable by mathematics that it holds equally for 
elliptic ones. We shall see afterwards how the sun's 
mass is to be expressed for this purpose in feet or 
miles per second ; for it is evident tiiat it will not help 
us to say that it is so many times the weight of the 
earth, or so many tons, but we must measure its attrac- 
tive ibrce by something reduoible to feet per second. 
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Elliptic Orbits. — Bat if a planet was at any time 
projected, either not exactly at right anglea to the line 
from the sun, or with any other velocity than that jnst 
now ascertained, it will evidently perform some other 
kind of orbit. If the velocity' of projection at perihelion 
was twice as much as that required for a circle the 
planet would leave the gim for ever, as I said at p. 305, 
but anything between that and the circular velocity 
will make it revolve in on ellipse more or less elongated, 
of which the same place will always be the perihelion, 
subject to gradual variation by disturbances of other 
planets. But this cannot be shown without mathematics 
of rather a high order, or else by long and complicated 
geometrical contrivances, which Newton invented for 
public demonstration, though he privately invented 
others which ripened into the difTerential and integral 
calculus. All that we can do here is to show how 
planets are brought back towards the sun after running 
away from him towards aphelion, and again how they 
escape falling into the sun after approaching him with 
continually increasing velocity for half their year, 
making an orbit which we otherwise know to be ellip- 
tical with the Bun in one of the foci. 

We saw at p. 313 that as two forces can be com- 
pounded into one, which is called their reaultafa, so 
one force can be divided or resolved into two in any 
directions we please ; except that there can be no re- 
solved part of any force in a direction at right angles to 
its action. That is the reason why we have not to con- 
sider the resolution of forces in circular motion ; for 
the motion in a circle is always at right angles to the 
radios or to the direction of the central force. But in 
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an ellipee it is not so, except at the two apaea. If you 
look at this figure of an ellipse, you see the motion of 
the planet P in either direction, towards T or t (hoth in 
the tangent to the ellipse), is not perp€aidicular to PS 
the radius vector. So that if it is going in the direction 
PT part of the sun's force goes to increase the velocity 
in that direction, while the other part \i pulling it out of 
that direction. The 
sun's force then may 
be r^olved into two 
forces, one in the 
tangential direction 
PT, and the other in 
the direction TS per- 
pendicular to PT ; 
and these two forces 
are proportionate to 
thcffie two lines. If the planet is going away from the 
snn towards t, the sun's force is resolved in the same 
way, and is still represented by TS and PT, only the 
tangential part of it retards instead of accelerating. 

Then while it approaches the sun S, or while the 
radius vector SP diminishes, the force represented by 
FT continually augments the velocity, till at last at 
some point A the velocity becomes so great that the 
centrifugal force first b^ances and then beats the 
centripetal ; and so that point becomes an apse, or a 
place where the radius vector changes from decreasing 
to increasing, or vice veisfi. So we may say that the 
sun enables the planets to run past him at perihelion 
by having made them ran faster towards perihelion — 
only not atraiffkt towards him. - The converse of this 
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takes place when the planet is approaching aphelion, 
in a direction lite Fa (bat on the lower side of the 
figure, or reversed). Then the son has been gradually 
reducing the velocity by that part of his force which 
is resolved into the direction FT, now acting against the 
increase of the radius vector. At last the velocity is 
reduced so much that attraction prevails over centri- 
fugal force, and the radius vector can increase no 
longer, but begins to diminish again at a, the farther 
apse, and then the planet begins to approach the sun 
again, and so the orbit is completed. But why the 
apses recur at the same places, under' a force varying 
exactly as the inverse square of the distance, and why 
the orbit is an ellipse and not some irregular or egg- 
shaped oval, cannot be explained without mathematics ; 
and even they will only prove that it is so. 

I showed in the moon's disturbances (p. 205), that 
if the central force is less at aphelion than it would be 
according to the square of the distance, that is, if it 
varies in a rather higher ratio, the apses do not recur 
at the same places, but advance, and^e orbit is a kind 
of spiral returning across itself, that is, a revolving 
ellipse. I now add that if the central force varied in as 
high a ratio aa the inverse cube of the distance (as dis- 
turbing forces do), the centrifugal force and the force 
of attraction could never balance each other again if 
either of them once got the best of it ; and so the orbit 
would become a complete spiral, never returning into 
itself again, and the planets would either run at last 
into the sun, or else &rther and iarther off into infinity, 
according to which force had accidentally prepon- 
derated foe a moment. 
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The only othet law of force of wMch we have any 
experience, and that only as an indirect reaolt of the 
uniTeisal law of gravitation in some special cases, is 
when the force varies directly as the distance, as in the 
case of a pendulum, which is urged towards the centre 
of its arc of vibration by a force very nearly in pro- 
portion to the distance from it, whether the peDdulum 
is vibrating in one plane, as in a clock, or revolving as 
s conical pendnlum ; and still more so in a mass of 
stars, as we shall see afterwards. It is singular that in 
that case also an ellipse is described, though the law 
of force is so extremely different ; only the centre of 
force is then in the centre ii^tead of the focus of the 
ellipse. Moreover attraction then = distance X some 
constant quantity (no matter what) ; and it must = 
centrifugal force, or distance X ang. vel.^ Therefore 
ang. vel.^ = that constant quantity; or all the planets 
would have the same angular velocity and period 
under that law of attraction. 

Kepler's Laws.— I said at p. 217 that Kepler dis- 
covered by observation that the planets' orbits are 
ellipses ; and that is called one of Kepler's laws. The 
second was that the radius vector from the sun to the 
planet sweeps over equal areas in equal times, in the 
same orbit, but not in different orbits ; which is called 
the conservation of areas ; and it is the same thing in 
other words as saying that the angular velocity in any 
given orbit varies inversely as the square of the 
distance.* This looks as if it had some relation to the 

* Thia ia not incontisteDt nitb the angular Telocity* vatjing ia- 
Tcnelf 08 tlie cube of the diBtonce ia difler«ut otbits nnind the same 
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central force varying inTerselj aa the square of the 
distance; but it has uoae, and is equally true nith a 
central force following any other law. 

This cannot be proved without a little geometry, bat 
it is 80 easy that I had better give it Suppose that 
a planet would go through BP (a very small arc) in a 
second, if there were no sun at G. But there is ; and 
aappose the sun's attraction would draw it throngh a 
= BQ in a second ; then by Newton's second law 
of motion (p. 313) if you draw PDparal- 
lel and equal to BQ, the planet will find 
itself at B at the end of a second, having 
travelled through BD. Then by a well 
known proposition in Euclid the area of 
the triangle BPC = that of BBC, because 
they lie between parallel lines, and have 
the same base BC ; i.e. the central force 
has made no difference in the area swept 
over by the radins vector ; for though it has shortened 
it, it has made it wider. Again the area of BDC Is half 
of BC X distance between BC ^id FQ, which distance 
is practically BC X the numerical value of the angle 
BOQ which represents the angular velocity in a second ; 
and as that area is constant, it follows that the angular 
velocity varies inversely aa the BC of every place, or 
as the sun's distance^ there. 

Kepler's third law, also discovered by long observa- 
tion and trial of numerous conjectures, was that the 
sqoare of the time or period of the planets vari^ as 
the cube of their distances. For this purpose you 
niust compare any two or more of them. Thus, 
omitting fractions, the cube of Mercury's distance in 
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millions of miles ia 35' = 42,875 ; and of Venas's 66' 
= 287496, which ia about 6| tim^ 42,875. Then 
Meroory's period' in days is 88' = 7744) and Venus's 
225' = 50,625, which again is 6f times 7744. And 
you would find the same rule hold between any two 
or more of Jupiter's or Saturn's moons. 

But this tells us nothing of the relation of any one 
planet's period to its distance and the sun's mass, which 
I have already proved at p. 317 for circnlat otbite. 
Newton also proved the necessary truth of Kepler's 
third law, and that the time of an elliptical orbit is the 
same aa if it were the circle which contains it ; or in 
other words, that the time depends only on the mean 
distance or semiaxis major, and not at all on the minor 
axis or the eccentricity. And therefore that law holds 
for all orbits round a centre of force varying inversely 
as the square of the distance. This proves what I said 
at p. 85, that the length* of our year is a fixed and 
certain measure of the proportion of the weight of the 
sun to the cube of his mean distance, so that when one is 
reduced the other must be reduced also in the same pro- 
portion. In other words, year = i-jr./^^^^^. 
V hun s mass 

WEIGHraa OP THE SUN UHD MOOM. 

I promised to prove that the sun ia 322,700 times as 
heavy as the earth, and the earth 81 J times as heavy 
as the moon, and also to show how the sun's mass is 
to be expressed in the velocity per second which it 
imparte at any given distance. As a foot is the unit 
of distance generally used, we shall have to express the 
X 2 
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sun's mass by the velocity it would impart to a body 
at that distance from the sun's centre if all bis mass 
were condensed into a point there : which may be 
called the sun's absolute mass. We can also do the 
same for the earth and then compare them. Bat 
first let tis understand clearly what is meant by 
calling g, ot gravity at the earth's surfooe, 32*23 
feet, considering the earth as a nou-rotating sphere, 
80 as to get rid of all the variations of gravity spoken 
of at p. 43. 

That is proved in various ways. Stones dropped 
from a great height fall 16 feet in one second (omitting 
fractions), and 64 feet or 16 X 4 in 2 seconds, 16 X 9 
in 3 seconds, and so on. That, by the same reason- 
ing as at p. 316, mathematically proves that the force 
which makes them fall imparts a velocity of 32 feet 
per second in the first second, and adds that velocity 
in every following one. And this force g is necessarily 
twice the height fallen through -f- the time* ; because 
the velocity increases by arithmetical progression, and 
therefore varies as the square of the time (p. 114). 
And therefore you will easily see that the above figures 
(which depend on observation) make g = 32. Again, 
it is demonstrable that gravity must = tt* X length of 
a seconds pendulum, measured in the way which is 
explained in my book on clocks*; and such a pen- 
dulum is found to be 3-26 feet in this latitude ; and 
as w^ is 9*86, that makes g = 32*14, and by proper cal- 
culation 32-23 if the earth were a non-rotating sphere. 
The meaning of gravity imparting a velocity of 32 feet 
in a second is, that if gravity were out off at the end of 

* Hndimentu; Treatise on Clooke, Watohea, and Bella. 7th ed. iSSi. 
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the first second a stone would fall only 32 feet in 
every following second. A machine called Attwood's, 
of which you Jnay see a desciiptioa in the English 
Cyclopsedia, was invented to show this experimentally, 
by a weight acting for a second of time on one of 
two otheis balanced over a pulley; but this was 
rather for lecturing purposes, as the mathematical 
proofs derived &om experiment on pendulums are 
much better. 

We can now find the absolute mass of the earth 
in attraotive force. Its radius as a sphere of equal 
weight would be 39586 miles ; and gravity at the sur- 
fece would be 32'23; and it = earth's mass -7- (3958*6 

X 5280)* feet; which makes the mass = 14,076 
billions of units of attraction, or so many feet per 
second. 

The sun's mass may be found in several ways. The 
simplest and most direct is this. We found at p. 42 
£rom the sun's mean distance and the length of the 
sidereal year, that the earth's mean velocity ia l8'3i7 
miles a second, and we know that the year would be 
the same if the orbit were quite instead of nearly 
circuit. The centrifngal force in a circle is velocity' 
(or feet^ per second) -r- radius or sun's distance, 

= (in feet) ('^'S'^ X S^So)' „33SS2 X 5280 ^„j 

^ '92,000,000X5280 92,000,000 

this must balance or = the sun's attraction on the 
sun's mass 
:,ooo,ooo^ X ; 
5280^ X 92,000,000 = 4543'6 trillions ; which is 322,700 
times the 14,076 billions just now found for the earth. 
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Or thus : centrifugal force = distance x angular ve- 
locity', which must also = centripetal force or sun's 
attraction in a circular orbit = aun's mass ~- distanced 
Angular velocityper second is 2-ir ~- 36S'2S6 x 86400 
(the seconds in a sidereal year) ; and 411^ = 39"48. 
Thereforesua = 92.ooo.ooo^ X 5280^ X39-48 ^hi^i, 

365-256^ X 86,400" 
you will find give the same result as the last process : 
in fact they are identical. Or again, 

Cent, force _ 92,000,000 x 39'48 x 528o _ r 

gravity "32-23 x 36S"2S6' x 86,400* 16737. 

But gravity = earth's mass -j- radius', and centrifugal 

force must = sun's maaa -r- his distance^, and therefore 

sun 92,000,000* 

' = ol ' = 322,700 as 

3958-6 X 16737 ' 

before. 

This last calculation shows as also the proportion 
between the sun's attraction and the earth's at the 
earth's surface. For we see that if the earth were held 
fast, and not iteelf movable by the sun's attraction, 
gravity would be an 837th less at noon on the ecliptic 
than at midnight, because at noon the sun would be 
pulling things straight away from the earth with a 
force = the 1674th of the earth's attraction, and at 
midnight adding the same to it. But as the earth 
is itself attracted to the sun equally with the things 
on the earth, no sensible difference esists between 
diurnal and nocturnal gravity, as in the tides, p. 173. 

Or again, if a pendulum could be freed from the 
earth's attraction, and subject only to the sun's, the 
force which makes it swing would be a 1674th of what 
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it is ; and as the time varies as >>/ force, it would 
take 41 sec. instead of one to make one yibratioa. So 
small is the force which keeps the earth ia its orbit ; 
and that on Neptune is 900 times less. The tractive 
force on a fast railway tr&m of 400 tons on the leyel 
is found to be about 4 tons ; i.e. a spring balance 
between the engine and the train shows that tension. 
If the earth weighed 400 tons it would exert a cen- 
trifugal strain of less than 5 cwt. on the rope which 
held it to the sun, though the earth goes 1000 times 
taster than the quickest train that ever ran. 

The following is another way of weighing the sun 
if the moon's weight is known. The radius (D) of the 
earth's orbit is 385*22 times that of the moon round the 
earth (iQ, and the moon's mean angular Telocity is 13*37 
times the earth's, being inversely as their sidereal 
periods. Linear velocity = radius X angular velocity. 
Therefore the moon's mean linear velocity (r) round the 
earth reduced to rest (p. 24) is to the earth's round the 
sun (V) as 13*37 ^ 38S'22. The sun's force on the 
earth is to the earth's force on the moon as their deflec- 
tions from a straight line per second, i.e, as the squares 
of their velocities divided by the diameter of each orbit 
(see p. 3), and those diameters are as 385*22 to i. 
Therefore, putting it in fractions as the simplest 

t g> t^ _ V «i . ■ _ V D _ 385-22' 

' (®+ H ) D^ ~ ^ D' ■ '9+ « " V* d~ 13*37' 

X 385*22 = 319,793; and adding one 8i-5th for the 
weight of the moon, that makes the sun = 323,716 
times the earth alone. 

Yon see this result exceeds the former one a little, 
though it is near enough for a general explanation. 
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Bat we saw at p. 201 that the sun's distuibance length- 
ens the moon's period as much as if the earth's mass 
were reduced a 716th, assnming the distance to be un- 
altered. Therdbre its real proportion to the sun is 
so much greater than it appears to be by calculation 
from the moon's actual period. If you reduce 323,716 
by a 716th, the result is 323,168 : which is again very 
near the former resnlt ; and we saw also that the exact 
lengthening of the moon's period by the sun cannot be 
defined. 

This same calculation evidently affords another mode 
of weighing the moon, if the sun has been first weighed 
independently ; for the moon mast be such a fraction 
of the earth's mass as wiU give the right result for 
the sun in the above calculation. In most popular 
astronomies the distinction between the earth and 
earth + moon is disregarded in weighing the sun; 
which mak^ a difference of nearly an 80th in his 
weight, besides misleading people as to the principle 
of measuring forces round a movable centre, which I 
have several times mentioned. Moreover the follow- 
ing method of weighing the moon without the son is 
founded on that very distinction, 

i I i 

It is not the earth's centre E, but G, the centre of 
gravity of earth and moon, that really describes what 
we call the earth's orbit. Therefore the earth is before 
its mean place at first half moon, and behind it at 
second half moon, by the distance liG, which is now 
the thing we have to find, for we only knew it at p. 129 
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because we then assumed the moon's weight to be 
known. Now when Yenns is at her nearest or ' inferior ' 
conjunction, she is apparently displaced at half moone> 
becanse the earth is really, first one way and then the 
other, by a parallax or angle which = EG- divided by 
the distance of Venus from ub ; and as that is known, 
and twice that angle is quite large enough to measure, 
being nearly i', therefore EG- can be found. Then we 
know that the moon is to the earth as EG ia to MG, 
wid therefore the mass of the moon is found. 

Weighing the moon independently. — But for the 
impossibility of defining the effects of the sun's disturb- 
ing force on the moon's period and distance, as ex- 
plained at p. 201, the simplest of all ways of finding 
her mass would be the following. Sy the law of time 
and distance the absolute mass of earth -|- moon must 
= 39'48 X cube of their mean distance in feet, divided 
by the square of the seconds in a sidereal lunation 
(2,360,591) diminished by a 716th for the increase of 
that period by the sun's disturbance. That makes 
earth + moon = 39-48 x 238,820^ x 5280" ^ 

2,357.310" 
billions verr nearly. Bnt we found the earth alone to 
be 14,076 biUiona, or 164 less than earth + moon. 
That difference, or the moon's inass, is therefore an 
Ssth of the earth's mass ; which is a tolerably near 
approach to the established proportion of an Si'Sth or 
'O123. ConverBely, ixam that known weight of the 
moon, we may easily calculate that the 14,240 ought 
to be 14,249, and that her period is really increased a 
630th by the sun. The advance of the apsides, or 
rather the causes which produce it (p. 204), must 
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contribute Bometbing to that increase, making the 
orbit not qaite an ellipse subject to the law of time and 
distimce. We saw just now that the same difficalty 
prevents the sun's mass from being accurately deter- 
mined from the moon's period and distance. 

Ton may think howeyer that we hare been only 
reasoning in a circle, because we have reduced the 
moon's period to meet its increase by the sun's dis- 
turbance, and yet that calculation of the disturbing 
forces at p. 200 assumed the moon's weight to be 
known. But there is nothing in that objection ; for if 
yon omit the moon's mass altogether in calculating the 
disturbances, putting 322,700 instead of 318,740 for 
the sun's mass, it makes a q^uite insignificant differ- 
ence in this result. 

The mass of Jupiter, or any planet with sateUites, 
is found from the distance and period of any of them, 
by a calculation like that which I gave just now. For 
Jupiter's absolute mass, or force at the unit of distance, 
= 39"48 X the cube of any of his moon's distance (in 
feet) divided by the square of its period (in seconds), 
which you will find in the table at the end. And then 
dividing the result by the 14,076 billions for the earth's 
mass you have the proportion of Jupiter to earth. 

Or the mass of Jupiter may be compared with the 
sun, through any of his moons, as we compared the sun 
with the earth throagh our moon ; except that Jupiter 
is too heavy to be neglected in comparison with the 
sun, and bis moons may be neglected in comparison 
with him — ^just the converse of the earth. The result is 

Sun _ V & 0's distance^ x g 's period' , 

Jupiter V- & S's distance^ x V's period* ' 
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the r meftning only that Jupiter's mass is not neg- 
lected. This ought to come 1270 or nearly so, and 
308 for the proportion of Jupiter to the earth, as stated 
at p. Z25. For Jupiter's mass has heen also verified 
several times from his distorhances of Bome of the 
asteroids, and all the calculations give nearly that 
result. 

The satellites of the greater planets are too small 
compared with their primaries to he weighed through 
their own periods by the method given for our moon 
just now. The masses have to be found from their 
mutual disturbances. I have taken the latest results' 
as given by Mr. Proctor in the R.A.S. ' Notices ' of 1872. 
And 80 the planets without moons have to be weighed 
from their disturbances of each other, and of comets. 
All that belongs to very high mathematics ; but I have 
now shown you how the dimensions and weights of all 
the solar system are measured ultimately by a foot rule 
and the vibrations of a pendulum. 

Laws of Stability. — I will finish this accotmt of the 
laws of motion of the solar system by stating three re- 
markable laws of its permanent stability or ec[nilibrium ; 
which however are found to be only approximately true, 
and more so for the large planets than the small 
(Challis's ' Principles,' p. 1 37). The first is, that if yon 
multiply the mass of each planet (taking the eartlir 
or any other, for the unit) by the square root of it» 
mean distance from the sun, and by the square of the 
eccentricity of its orbit, the sum of all those products 
is invariable. The second is, that if you multiply each 
mass by the square root of its mean distance, and by 
the square of the numerical value (p. 9) of the incU- 
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nfttion* of Ita orbit to a certain fixed plane near t^e 
ecliptic, the sum of those prodacts also is constant. 

The third is the most striking of alL The sum of 
all the areas swept over by the radius vector of every 
planet, satellite, and comet in the whole system, in any 
given time, is invariable, though they all may be made 
to deviate a little &om the law of the conservation of 
areas (p. 321) by their mutual disturbances. The area 
so described by any planet in a second, being constant 
in the same orbit, is the area of the whole orbit divided 
by the number of seconds in its year ; and that area is 
3'i4i6 X the product of the two semiaxes, or x the 
square of the mean distance, if the orbit may be treated 
as a circle. Prom this, and the law that the square of 
the period varies as the cube of the distance, you may 
easily deduce another, that the areas described in dif- 
ferent orbits in any time round the same central mass 
are as the square roots of the distances. Therefore the 
arecd velodttf of distant planets is greater than of near 
ones, though both their angular and linear velocity is 



THE STAR8 AND NEBULA. 

Hitherto we have been dealing with bodies whose 
motions are manifest and measurable, and their 
distances and sizes also measurable with considerable 
certainty. We have now to consider the infinitely 
larger number of luminaries of which all but very 
£ow are so distant that we can say nothing of their 
distuice, except that it is certainly many million 

* Strictljr it is the trtgODomelrieiil lan^ntof theiaolination.bnt the 
Angles are too email for tliii diatinotion to be important. 
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times the auu's; and even those few are so far off 
that only tte finest observations can perceive any 
parallax or apparent change of place among them 
while the earth travels across a diameter of 1S4 million 
miles: which means that a snn filling np the whole 
of the earth's orbit would not appear to the nearest 
star aa large as the planet Keptune does to us, which 
is quite invisible without a good telescope. For no 
star has a parallax as great aa 1", the apparent radius 
of Neptune ; and the parallax of the stars means the 
apparent size of the radius of the earth's orbit seen 
from them. You remember that parallax within the 
solar system means the apparent radins of the earth 
only. The one star with a parallax of nearly i" is 
called a Centauri, and the next nearest, 61 Cygni, is 
nearly twice aa far off ; Procyon and Sirius 4 times ; 
then a Lyrse and 70 Ophiuchi are above 6 times as far. 
Or the eun would have to fill up more than the orbit of 
Jupiter to appear to those last stars as large as Keptune 
does to us. 

Now let us see what this parallax of o"*g76 for the 
nearest star means in actual distance. That angle, 
by the method explained at p. 8, has for its numerical 
value "0000047 ; or the star's distance is 2 1 1 , 1 40 times 
the sun's, which makes it nearly 20 billions of miles : 
and the nearest star is 7000 times farther off than the 
fertheat known planet. For an illustration of a billion, 
see p. 80, 

And as light takes 8^ minutes coming from the 
snn, it must take 3^ years to come from the nearest 
star, and 6^ years iVom the next ; 14 from the next, 
and 20 years &om the other three whose distances are 
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juBt measurable, and still longer periods £rom all the 
lest. As Mi. Froude said in his lecture on the Science 
of History, ' as the stars recede into distance time 
recedes with them; and there are stars from which 
Noah might be seen stepping into the ark, and 
Eve listening to the temptation of the serpent.' 
How fat they do recede we cannot tell ; for every 
increase of telescopic power only brings more stars into 
view. 
The following is the latest catalogue that I hare 
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seen combining the parallaxes, and motions (across) of 
all the stars for which they have been ascertained, and 
and their consequent distances measured by the years 
their light takes to come, and their annual motion in 
miles per second. Besides these motions across the 
line of sight, the motion in the line of sight of no 
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fewer than 99 state has been ascertained bj the method 
to be mentioned presently, according to a recent 
catalogue from Greenwich, in K.A.S. 'Notices,' xlii. 5. 
Their average appears to be nearly 30 miles a second, 
which is abont the same as the average of the cross 
motions of these 16 stars ; and therefore the whole 
resulting motion is on the average nearly ^ 900 + 900 
or 42 miles. £nt I see that different observations of 
the same star generally give different velocities : so 
that all this must only be taken as approximate. All 
the results however show that there is no relation 
between motion, distance, and ' magnitude * or bright- 
ness, which was once supposed to indicate nearness. 

There are perfectly black places in the sky, in some 
instances called 'coal sacks,' with not even a nebulous 
haze, which may be ' star dust,' visible within them ; 
but that does not prove that there are no stars there 
beyond the range of vision. For the light from each 
star may be spread so thin at this distance from it 
that the largest telescope-full gathered into a focus 
makes no impression on our eyes. Again, light may 
waste in coming, the undulations of the luminiferous 
eether being worn out by friction, like waves in a 
pond. Indeed if it does not, and if the stars are 
infinite in number, and if their distances apart do not 
increase with their distance from us — and there is no 
reason why they should— ^this curious result must 
follow, that the sky would always be as bright as if it 
were full of suns. 

For in that case every line of sight must reach a star 
somewhere in the infinity of distance and the sky would 
appear quite full of sttus. And though the light re- 
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ceived from each star would be iarersely as its distance', 
yet the namber of stars at any distance would be 
directly as the distauce^, and erery star would hide 
four behind it at twice its distance, and so on. There- 
fore the light would be the same from every patch of 
aky, whether the stars seen thus are far oi near. And 
if they hare generally the same intrinsic brightness as 
the sun, the effect would be the same as tcom a sky 
fall of snns, and those not round but hexagonal or 
square, so as to fit close together. The fact however 
is so different from this, that we must conclude either 
that the stars are not infinite in number and extent, or 
else that light does waste in coming. We shall see 
indeed that they are neither equal in brightness nor 
in distance, but the difference is by no means great 
enough to account for the visible condition of the 
heavens if the other two assuibptions were correct. 

In considering the question of a possible infinity of 
fltars, i.e. of there being no distance in space where 
there are none, we must remember that that implies a 
corresponding increase of time for light to come, even 
if it does not waste in coming. And as the stars must 
have had a beginning, it may well be that there are 
multitudes beyond number, whose light has not yet 
reached the mrth. Therefore all we can say is that 
there is no reason why the stars should not be infinite, 
or the whole of space (which must be infinite) occupied 
with stars as thickly as those we see. It is estimated 
roughly that about 5 million stars can be seen with a 
good telescope far below the largest. 

Until lately it was assnmed, not as a fact, but pro- 
visionally as a basis for other reasoning, that they 
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woald all appear equal at eqaal distances ; and it fol- 
lowed that if they were, their real diatances would vary 
inversely as the square root of their apparent bright- 
ness, which can be measured by photometric contri- 
vances, but with no great accuracy ; and that is the 
meaning of the conventional word 'magnitude,' by 
which everybody knows that the different orders of 
stars are denoted. For instance, there are 5850 stars 
of what are called the first six ' magnitudes ; ' of which 
only 24 are of the first, 60 of the second, 200 third, and 
80 on, and about 15,000 altogether above the gth mag- 
nitude. Sir J. Hetschel and other astronomers pro- 
posed various methods of classification or assignment 
of magnitude ; which were interesting and important 
so long as the assumption prevailed that there was some 
relation between apparent magnitude and real distance. 
But Sir J. Herschel himself afterwards admitted that 
there was no foundation for that assumption, and that 
there is ' every reason for believing that the distance, 
the absolute magnitude, and the intrinsic brightness, 
may differ in different stars in the proportion of millions 
to one.' • 

It should be understood that this word ' magnitnde ' 
has no relation to apparent telescopic size ; for although 
we can now prove that some stars are much larger, or 
at least heavier than others, that is done by no direct 
observations of their size. The largest star seen in the 
best telescope is, or rather ought to be, nothing but a 
point ' of no parta and no magnitude,' as Euclid says ; 
and the better the telescope the smaller the star looks, 
not the larger. The apparent disc of a star in any 

* ' OatlineB of ABbooomj,' p. 56J of all tbe later editfoni. 



:,q,t,=cdbvGoOg[c 



338 Herachets Theory of the Milky Way. 

telescope is nothing but an optical imperfection, and it 
is therefore called the ' spunous disc/ and is due to the 
fact tiiat no telescopic glass yet invented brings all the 
rays of light from any point to an absolute focus in any 
other point, as is done by the only perfect optical in- 
strument, the eye — at any rate, much more nearly. The 
largest star, measured by other tests than this, could 
have no sensible diameter in any telescope which gave 
a true image of it. 

It is singular that no systematic attempt to exhibit 
and compare the stellar condition of varioas portions 
of the sky, beyond general statements about the Milky 
Way, appears to have been made till Mr. Proctor did 
so in his Star Atlas, and drew some striking conclusions 
therefrom,* The Herschelian theory of the Milky Way, 
which had hitherto been followed in all astronomical 
books, was that the appearance of that Galactic circle 
(as it was called in Aner language) was due to the 
aggregation of an innumerable quantity of stars in a 
form something like a large thin grindstone, of which 
about half is split and opened out a little, or a ' cloven 
disc ' as it was called, presenting a section like a tuning- 
fork, or a man with his legs apart. Mr, Proctor however 
showed, by reasoning which has never been impeached, 
that observation does not support that theory, beyond 
the fact that the Milky Way does consist of stars much 
more thickly strewn than they are on the rest of the 
heavens ; but that the true shape is far more probably 
a kind of spiral, of which we cannot know the complete 
shape because we only see it edgeways. He gives a 

• See hla'EBSBjB on Afltrouoroy,'p. JiB.and'OUierWorldi,' p. JjB, 
iDd Newoomb's Aatrooomr, p. 4BJ. 



:,q,t,=cdbvGoOgle 



Proctor's view of the Milky Way. 339 

picture of one possible form of the spiral, though there 
are others which would do. I oould not give any fair 
abstract of his reasoning here, except at too great length, 
but it is such as requires no matheioatical knowledge 
to understand it. 

Both Proctor and Newoomb remark that just outside 
the borders of the Milky Way the stara are unusually 
thin, but nebulte unusually numerous, as if that mass 
had drained the neighbourhood of stars by ita attraction. 
Not only is the Milky Way composed of innumerable 
multitudes of stars, both large and small, but it has 
twice as many bright stars as are due. to its space ac- 
cording to the average of the whole heavens. On the 
other hand, there are patches like black holes in it 
which contain no stars or scarcely any. Mr. Proctor's 
maps, already noticed at p. 15 for their principle of 
construction, also show that there is a large region 
round the south pole twice as rich as the average, and 
another smaller one in the north hemisphere about the 
same, while other parts of the celestial globe are very 
poor in stars, and those are closest to the rich parts, as 
in the case of the Milky Way. 

Looking generally at these results, or at the sky 
itself, it may seem at first that there is nothing in them 
but what might be expected if the stars had been 
thrown there by chance like handfuls of seed upon a 
field. It would be sure not to fall uniformly, bnt thicker 
in some places than others. But Mr. Proctor calculates 
the chances of such aggregation and separation as 
exists among the 5850 bright stars, and he says that 
the fraction representing that chance would have I for 
the Domeratoi and a denominator of no less than 133 
z 2 
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fignreB ; in other vords, it is impossible that the distri- 
bution can be dne to anything but some physical cause, 
though science is not yet fat enough advanced to dis- 
coTer it. 

He also shows that very exf^gerated ideas had been 
fonned by Herschel and adopted by others, of the 
necessary distance of the sm^ or faint stars which 
compose the Milky Way. It is singular too that the 
parts of the sky which are poorest in stars are richest 
in nebnlie, which we shall consider presently ; but I 
mention that here in connection with this question of 
distribution according to some law or cause which has 
yet to be discovered. 

Motions of the Stare. — Though we call the stars 
£xed because we do not see them change their places, 
yet in fact they are all in motion. Indeed they must 
be; for if they had no motion of reyolntion round 
something, to balance their mutual attraction, they 
mnst all be tnshiug together with ever increasing 
velocity to some centre of universal destruction. The 
stability of the universe depends not on test, which ia 
impossible, but motion. It is true that we do not yet 
know round what centres the stats tevolve, ot what is 
the order of their motion generally. The theory that 
they all revolve round the stat Alcyone is now tefuted. 
It is certain too that they are not all moving towards 
any common centre, for the varying motions of many 
of them are ascertained, and indicated in Mr. Proctor's 
maps. Some large stars near together move in various 
and even opposite directions. Nevertheless so many in 
a group often have a common motion that they are 
evidenUy travelling together under the ioSuence of 
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aome common force, thoogh they are at immeasurable 
diatances from each other and from ns. 

These are called the ' proper motions ' of the stars, 
to distinguish them from the apparent motions which 
arise from the fact that the snu with all his satellites 
is moving towards the constellation Hercules about 
150 million miles a year, or rather less than tho width 
of the earth's orbit. Consequently the earth's real 
orbit in space is nothing like a circle or ellipse, but a 
twisted spiral, something like a distorted corkscrew 
with the carves much steeper on one side than the 
other, since the sun's proper motion is very oblique to 
the ecliptic ; and it is rather north-eastward. 

Until lately it was almost taken for granted that the 
small or fainter stars are always the more distant. 
But Mr. Proctor has made use of the investigation of 
their proper motions to refute that assumption also. 
The apparent motions of distant stars must evidently, 
on the average, be less than of near ones, because 
apparent motion is theangle=actual motion across -7- 
the distance, and they go in all directions, so that 
no foreshortening due to the direction can account for 
the difference. He says be was surprised to find that the 
average apparent proper motion of the small stars was 
equal to those of the first three magnitudes ; and there- 
fore, he concludes, ' there must be myriads of really 
small stars for every leading orb'" at all distances. 

Spectroscopic measurement of star motion. — 

When a star's proper motion is directly to or from the 

earth, it is evident that it cannot be perceived. But 

perhaps the most wonderful feat performed with the 

• 'Othei: WmUb,' p. 167. 
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aid of the spectroscope is actually measnriag the direct 
approach or departure of a star. Dr. Haggina has 
done this with seTeral stars by a method of which I can 
only give aa imperfect accoant, referring for a more 
complete one to his own work, or Professor Eoscoe's 
book on the spectroscope, or to the article on Sirius 
in Proctor's Essays. The waves of light come rather 
faster from a source of light which is advancing than 
&om s stationary or receding one, aa the note of an 
approaching ateam-whietle or a bell is higher than &om 
a receding one : which causes the pleasing variety of 
tone in swinging bells compared with stationary ones. 
And though this difference is inappreciable in the 
colours of the spectrum, which run into each other, 
it is not inappreciable in those distinct narrow lines 
called Frauenhofer'a, which we apoke of at p. 92. 
And by comparing the spectrum of Sirius with the 
spectrum of a fixed light in the same direction through 
the same prisms it is possible by great magnification to 
perceive tiiat some well-known line is slightly shifted 
in the Sirian spectrum towards the red end, though 
the shifting is only the 250th of an inch. And it was 
found by proper calculation that that indicates a 
recession of Sirius from the sun of 29 miles a second, 
after making due allowance both for the earth's orbital 
motion at that time and for the sun's. If the bright 
line is shifted towards the blue end of the spectrum it 
indicates approach. Again, combining that with the 
transverse proper motion of Sirius, of 16 miles a second 
measurable in the common way, it turns out that he 
has an absolute motion of 1000 million miles a year, 
or 33 in a second, which ia nearly twice the earth's 
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Telocity round the son ; and more than twice the sim'a 
own motion, as just now described. 

It is singular that this mode of measuring motion 
applies equally to stars whose transverse motion cannot 
be estimated because they have no measurable parallax, 
without which their apparent angular motion cannot be 
reduced to miles, except that we know it cannot be less 
than what is due to the smallest obserrable parallax of 
any star. Some other stars have been found to recede 
at various rates, up to about the same as Sirius, and 
others are approaching us still faster. In some cases 
stars which have always been considered optically of 
the same family, such as Castor and Pollux and those 
of the Great Bear, are found to be moving opposite 
ways, both transversely and directly. When the 
parallax and the visible transverse motion and the 
stereoscopic motion in the line of sight are all ascer- 
tainable, the real motion can be deduced ; but I do 
not see that this has been done in any other case. 

Double and coloured stars. — A great many stars, 
some say at least a quarter of them all, are not single, 
but consist of two, or three, and even more companions, 
BO close together that it is one of the tests of a good 
telescope to be able to ' divide ' such and such stars, 
though their distance apart really is enormous. And 
as many of these clearly revolve round each other, the 
connection is not merely optical, or arising from 
one being very nearly behind the other. About 600 
brilliant double stars are known, besides the still more 
numerous faint ones, of which above 6000 have been 
counted in the northern hemisphere; and in no of 
these the companions have different colours, and oaa 



:,q,t,=cdbvGoOg[c — 



344 Variatiom of some Stars. 

is nearly always brighter than the other, the fainter one 
being generally blue. And the brightnesa and colour 
often change as they reTolve, both in double and in 
apparently single atais. Some appear to change their 
colonr permanently, if old accounto can be relied on. 

There is one remarkable case of an apparently 
double star of which the companions were once so far 
apart that tbey were considered independent, and called 
7i and 7j Virginis, which the late Admiral Smyth, 
P.R.A.S., described in a letter to Mrs. Somerrille in 
1836 as having then lately come so close together that 
one totally eclipsed the other. The elliptical orbits of 
16 or 17 pairs have been determined; but unless they 
are near enough to us to have a measurable parallax, 
we can tell nothing of their absolute distances apart, 
or (therefore) of their masses, as we shall presently 
for a few of them. 

Everybody has beard of the ' lost Pleiad,' by which 
those once f^ous ' seven stars ' have been reduced to 
six. And sundry others have gone out and come in 
within the time of history. In May 1S66 a star called 
T Coronte Borealis blazed up from the ninth magnitude 
to the second, and then &ided again, as others had done 
before. Examination by the spectroscope showed that 
this was due to some great outbreak of inflamed 
hydrogen. Nobody can tell that the same thing may 
not some day happen to the sun ; and if it does, the 
inhabitants of the planets will fare badly. A new star 
appeared in Cygnns in Nov. 1876 of the third magni- 
tude, which fell to the 7th in three weeks, with a spec- 
trum only of bright lines, indicating a nebula : which 
was not the case with t Corona*. The star called rj 
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Argus varies from the sixth in^;iiitude to the first." 
Whewell lemaiked th&t the periodical obscuration of 
Algol cannot be explained by the passage of a dark 
satellite over it, because it would have to be as wide as 
its own orbit to produce that effect; aud therefore 
Algol must have one side darker than the other. Sir 
W. Herschei had said the same of other stats. Blue 
stars generally have a stronger red companion. 

Many stars examined by the spectroscope are found 
to contein common elements of the earth, such as iron, 
sodium (the base of common salt), mercury, antimony, 
magnesium, &c., besides others not known here, because 
the spectra have lines correBponding to no known 
substances. But the absence of any line is not con- 
sidered to prove the absence of tiie corresponding 
substance, as it may be there, but not in a state of 
incandescent vapour. Still, if there are elements in the 
stars which are not here, there may be well some here 
which are not in the stars ; and it is said that no two 
stars have quite the same spectrum, so far as they have 
been examined yet. 

Masses and brightness of the stars.— Now that wo 
know Jupiter, and probably the other large planets, 
to be partially self-luminous, the question whether the 
smaller of a pair of double stars is to be called a satel- 
lite or a companion is little more than one of words. 
But wherever the star has a measurable parallax, and 
the nutation of either of them round their common c. g. 
can be also measured, it is easy to determine their 
masses, both joint and several, as soon as their period 
is ascertained. Calling the larger Sirius (l) and the 
■ Bee Ur. Piooloi tberetm io ' Pleamnt Wnja,' p. 117. 
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smaller one (2), their diatance apart is measured at 47 
times OUT diatance horn the sun (which we take for 
the unit of distance now), and their period round each 
other 49 years. It follows by the same sort of calcu- 
lation as at p. 31" that ^i^|^^= ^, = 43-25. But 
^ ' Sun 49* 

Sirius, oscillates 16} on each eide of its mean place 
or common c, g. ; and therefore the joint mass 4325 
has to be divided in the proportion of nearly 31 to 16; 
which makes Sirius, = 28 suns, and Siriusj = 15 J. 

But Sirius is estimated to excel the sun in light 
(of coui^e at equal distances) no less than 192 times, 
and some obaervers say much more. If the intrinsic 
brightness of any given area of Son and Sirius is 
equal (but there is not the least reason why it should 
be), that would make Sirius, not 28, but 26S8 times eis 
large as the sun, or its diameter nearly 14 times as 
great. But if so, its density can be little more than 
a looth of the sun's, or a 400th of the earth's or 
between a 70th and an Soth of the specific gravity of 
water. There is no known substance of that kind, 
being from 10 to 12 times as heavy as air, of which the 
specific gravity is about an 840th of water. Therefore, 
if the observations are right on which those calculations 
are founded, Sirius must be immensely brighter in- 
trinsically, or else his visible size or photosphere must 
exceed his solid size far more than the sun's does ; and 
how mnch that is we do not know. He is now thought 
to have four more satellites, the smallest of which is 
bigger than the sun. 

There seems reason to believe that Procyon and 
his satellite are still larger, and Frocyoni nearly three 
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times heavier than Siriusi, though not so bright." 
Aytionomers have divided the joint maaa between the 
pair in the proportion of 80 and 7 ; so that Procyon 
exceeds the snn about as mnch as the earth exceeds the 
moon. The following is a table of the few stars that 
have been weighed in this way ; for though the periods 
and apparent orbits of many more are known, they have 
no measnrable parallax, and therefore we know nothing 
of their real distances apart, or their masses, I have 
seen no division of any except Procyon and Sirius, and 
Procyon seems very doubtfiil. The sun is taken as 
the nnit of mass, and his distance from ub as the unit 
of distance apart of the companions. 

Stan. M«i frl""' "'•"^ Itoltai. 



Procyon . . 


Bo+7 


SWuf. . . 


38+is 


70 Ophioobi . 


3-1 


a Centauri . 




Gi OjbdI . . 


•3' 



You see a Centauri and its satellite are not very 
different in period and distance liom the Snn and 
Uranus. That star is said however to emit three times as 
much light as the snn, though its mass is not much 
more than a third of the sun's. The light of 61 Cygni 
is said to bear about the same proportion to the snn's 
as their masses. 

Of course the stars emit heat also. Mr. Stone came 

to the conclusion, from experiments, that we receive as 

much heat from Arcturus and tiom Yega as we should 

from a 3-inch cube of boiling water 383 yards off; but 

* B. A. S. 'Notices,' zzxiv., p. ]6. 
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that again, Mr. Proctor observeB, is far beyond the 
proportion due to their light, compared with the sun's, 
and all such estimates both of light and heat from 
very distant sources can only be regarded as rather 
wide approximations. 



I have already spoken of the grandest of all the 
nebulie, the Milky Way. Generally a nebula may be 
described as a bright patch in the sky, in which one 
or more stars may or may not be visible, and which 
may or may not be resolvable into stars or ' star dnat ' 
by telescopes of very high power. The success of 
Lord Rosse's great telescope in resolving some nebolfe 
which had defied all other telescopes led a good many 
people to jump to the conclusion that all nebulas would 
be resolvable if we had only telescopes powerful enough 
to do it ; just as a distant flight of birds, or a plague of 
locusts in the East, which looks like a black cloud, can 
be distinguished either by coming nearer or by being 
seen through a telescopOj which magnifies the spaces 
between them. 

But the spectroscope has settled that question also, 
and has proved that most of the nebulas are merely 
gaseous, because their spectra consist only of one or 
more bright lines ; and some of them are ascertained 
to consist chiedy of nitrogen. But other nebulae have 
a proper rainbow spectrum like any solid or fluid body 
heated, and some have an opaque nucleus within a 
gEiseoas envelope. They are also of various forma, to 
which some odd names have been given, such as the 
Pumb Bell and the Crab. Some are round and are 
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called planetary nebulffi, which seems to me a singularly 
inappropriate name, since they wander no more than 
the others, and roundness is no peculiarity of planets, 
and they are self-luminous, which planets generally 
are not, and they are not solid, which all planets are. 
Their smallness is only the effect of distance ; foT those 
which have an apparent diameter as small as Neptune 
(2") hare no discoverable parallax. If they had as much 
parallax as Arcturus, the smallest of those above 
mentioned, that apparent diameter would imply a real 
one eight times the diameter of the earth's orbit, or 
that ' small ' nebula would nearly fill up the whole 
orbit of Saturn. But in fact it is much larger, and 
we cannot say how mnch, because it has no parallax 
at all. 

Some nebnlse haTe spiral shapes apparently in a 
state of rotation with the central part condensing and 
therefore spontaneously increasing its velocity. No 
rotation has yet been observed as a fact; but the 
Telocity of rotation of any system varies inversely as 
the square root of its moment of inertia (p. 314), and 
therefore of its density when the mass is given,* and 
therefore a very light and large nebulous mass would 
have a very slow rotation ; and as it also depends on 
the distance (distant planets travelling slower than near 
ones) a very large nebulous mass would revolve slowly 
for that reason also. Moreover the rotation of such a mass 
would have that mop-whirling appearance of the outer 
particles being left behind by the inner ones, for the 
inner ones must go faster to preserve the equilibrium 

* This is odI J KDotbei f^m of the lavr of time Mid diitanoe bo oflon 
leteied to, uid pioved at p. jij.j 
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between centrifugal force and attraction. At least it 
would be 80 if the density of the nebula increases 
greatly towards its centre, as in those whirling nebulse 
it does, according to the pictures of them. 

Bat we must now notice a peculiar result of the law 
of gravity ou a mass of loose particles kept apart either 
by mutual repulsion like a gas, or by centrifugal force 
if they are all reTolring. In a. spherical mass of uniform 
density the attraction everywhere towards the centre 
varies simply as the distance from the centre, because 
the attraction of all the sphere outside each particle is 
nothing (p. 32). Moreover the attraction towards the 
axis of rotation in the plane of a parallel of latitude 
varies as the distance from that axis, either of a sphere 
or a spheroid. But centrifugal force also varies as the 
distance &om the axis (p. 315) under any given 
velocity of rotation. Therefore a whole sphere or 
spheroid, however large, of equidistant particles or stars 
may rotate together without any change of relative 
position among the particles, and consequently without 
the motion of any of them being visible from the rest. 
But rotation would not prevent them all from gradually 
collapsing into a flat spheroidal mass in its equator 
under the mutual attraction of the particles in that 
direction. No doubt however the stars are all moving 
under some law which is duly calculated to make them 
keep their distance and avoid temporary oollisiona and 
ultimate collapse. If the particles of such a sphere 
have also a repulsive or expansive force like a gas, 
acting agaiuBt gravity, the problem is matenWly 
altered and depends on the law of expansion. 

If the law is invariable that the expansiveness (in- 
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dependent of attraction) Taries inversely as the space 
within which the gas is confined, doubling the radius 
of the sphere would increase the space eight times and 
therefore diminish the expansive force eight times, while 
the attraction to the centre (the mass being the same) 
woald only be reduced four times, i.6. inversely as the 
square of the radius. Therefore there is some size of 
sphere at which the two forces balance each other, and 
a sphere of gas may have a definite boundary, as Pro- 
fessor Challis somewhere says the earth's atmosphere 
must have — nnless the law of expansion changes, so 
as not to decrease as the cube of the radius increases, 
while attraction decreases only as the square.* 

At any rate there is the fact that round nebulie of 
gas are seen, shining by their own light. At one time 
it was thought that these might be masses of stars at 
some distances enormous even compared with that of 
individual stars. But Dr. Whewell in the ' Plurality of 
Worlds ' advanced an argument fatal to that theory, 
even without the aid of the spectroscope, and applied 
it to two remarkable masses of mixed stars and nebulse, 
both resolvable and irresolvable, which are called the 
' M^ellanio clouds/ in the southern hemisphere. The 
larger of them has an apparent diameter of 6", or 1 2 
times that of the moon, which means that it Is a little 
wider than a tenth of its distance from us. That both 
those 'clouds,' and all the other round nebulse too, 
should have the shape of long cylinders with their axes 
in the line of vision from here, is an improbability 

* I mention tbis beoanBe tbe fundamental idea of that ingemons 
book, tbe ' Fnel of the Sdd,' was that the atmosphere ia bonndlesa, 
onl; daeiefuiiig in deniit; ititli the dUtttuoe. 
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which amoanta to impossibility. Therefore they most 
be spherical oi nearly so ; and iu that case the depth of 
the greater Magellanic cloud (for example) is no more 
than a tenth of its distance. But it contains bright 
stare as well as itresolvable nebula ; and an irresolT- 
able nebula of stats must be, not one tenth farther off 
than the visible stars, but many thousand times as far. 
Therefore those nebulfe cannot consist of stars, if the 
visible stars there are really in the ' cloud,' and not 
merely in front of it, and so within it optically. 

THE CELESTIAL GLOBE. 

The thing called a celestial globe ia a, picture on a 
globe of all the stars as they appear in the sky. Pro- 
perly of course such a globe should be hollow and we 
in the inside of it. And in fact all the pictures are 
reversed from what they appear in the sky. Take the 
weU-known figure of the Great Bear or Charles's Wain, 
which is much more like the outline of a saucepan 
with a bent handle. As we see it in the sky, and in 
star maps, this handle, or the bear's tail of three stars, 
is on the left hand (except about midnight in winter, 
when it is turned the wrong way up), and the two stars 
which form the outer edge of the saucepan, and are the 
' pointers ' to the north pole star, are on the right band. 
But it is drawn the opposite way on the celestial globe ; 
which is covered all over with pictures of those 
Bears, Lions, Virgins, Scorpions and other things, into 
which the ancients — and some modems too — foncifully 
divided the groups of stars and called them constel- 
lations. The particular stars are usually denoted by 
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Greek letters attached to the Latin name of the con- 
stellation, ae a (Alpha) Lyne (the brightest northern 
8tar), a Oentauri (the nearest), j9 (Beta) Leonis, 7 
(Gamma) Draconis; some by Latin names, as Mira 
Ceti, a Tariable star, and some by their numbers in 
s constellation or a catalogue, as 61 Cygni, 1830 
Groombridge, &e. A few have names of their own, 
OS Siritia, Alcyone, Polaris, now the pole star within 1° 
24', but once 12° off the pole in conBequence of pre- 
cession ; and it will come much nearer. Most of the 
old names of Btara which are not evidently Greek are 
Arabian. Dr. Dawson Turner sent me a number of 
their meanings, such as Algol=tbe devil (a very ma- 
lefic star in astrology). Siriua is slightly altered from 
a word meaning brightness ; and so on. 

Another thing which a celestial globe has on it is the 
Zodiac, which is a band of S° on each side of the ecliptic, 
or 16° altogether, on which are the constellatioEB of 
the 12 Signs of the Zodiac, and within which all the 
planets have their orbits, except some of the asteroids. 
But, as I explained at p. 63, the signs have left theii 
constellations nearly 30" within the time of astronomi- 
cal records. Therefore you see on the celestial globe 
the two crossings of the equator and ecliptic, <!p and ^, 
lying towards the left hand of the pictures of the fishes 
and the lady called Virgo, the Astrasa of the poets, 
who holds the scales of justice (Libra) in her hand. 
Celestial globes, like terrestrial, are made to turn upon 
the poles of the equator, not on the poles of the ecliptic. 
One would be just as right as the other for a celestial 
globe, only they represent different things : turning 
the globe on the poles of the ecliptic would represent 
2 a 
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the motion of the moon roimd us in 29^ daya (sabject 
to hei slight departuro of 5° from the ecliptic) and the 
apparent motion of the sun lound us in a year. 

Turning it on the poles of the eijuatot represents 
the daily rotation and enables us to see how the stars 
rise and set on any day, and the time they are Tisible, 
For though the sidereal time of rising and setting of the 
stars at any place is oonstaut, the solar time Tariea 
with the sun ; and the attitude of the earth with respect 
to the stars at midnight in summer is the same as at 
midday in winter; so that if the son were suddenly 
darkened at noon any day the aspect of the heaveus 
would be the same as it is at midnight six months off — 
except as to the moon and planets, I mention this 
because I have found it not bo obviouB to all persons as I 
expected. If yon want to find the aspect of the heavens 
at any time here, elevate the north pole 38^° above 
the northern part of the horizon, or the equator 51^° 
(our latitude) above the southern part* Find the 
place of the sun on the ecliptic from his longitude given 
in almanacs, and bring him down to the under side of the 
meridian and set the hour circle to XII there. Then 
the upper half of the globe shows the stars above the 
horizon at midnight ; and by turning the globe with 
the hour circle, you will find those visible at any other 
time of night. No stars within 51^° of the pole ever 
set here, but they are only put out by the sun at dif- 
ferent times daily ; nor do any within 51^° of the south 
pole ever rise here by either day or night. At the 

* Tbii does not neoeflsarilj' mean jii" as marked on the brazen 
moridian, for tbej are not all graduated aocordinf; tolatitDde, butooine 
foMutbe poles; oi tue parti; one uid partlj the other. 
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north pole in winter they see all the northern hemi- 
sphere of stars, and no more, all through their six 
months' night At the eq[iiator every place sees all the 
stars of both hemispheres every night except those 
which they lose in twilight ; for their horizon, formed 
by two opposite meridians, sweeps round the whole sky 
in their constant night of twelve hours; or half the 
stars rise and half set every night. Between these 
extremes there are all the variations due to latitude and 
to the sun's position north or aonth of the equator. 

Bight ascension and declination.— I have already 
said at p. 63 that longitude of the heavenly bodies is 
measured &om op on the ecliptic, and not on the equator 
horn the meridian of Greenwich : which indeed would 
be nonsense, as Greenwich is changing its position 
with reference to every star every minnte. Perhaps it 
might as well have been measn^ on the equator, as 
another name has had to be invented for the measuring 
of the stars along the equator bom that point <v> where 
all the celestial measures of that kind b^n. That 
other name is Bight Atematon, commonly written short 
B.A. ; and there is no east and west in it : it runs on fr^^m 
O to 360° on the celestial globe, and from left to right, 
to correspond to the earth's moving as it does through 
space from right to left in this hemisphere (p. 37). The 
thing which corresponds to terrestrial latitude for the 
stars is called d6(dmaiion ; that is tlieir distance from 
the equator. RA. is also measured by time, like ter- 
restrial longitude, at 15° to an hoar. 

There is also htOoeentrie longitade, which is the 
angle between two planes through the sun's centre and 
perpendicular to the ecliptic, one through the planet 
2 a2 
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and the other through '^ ; vhile geoeenMc or common 
celestial longitude is the angle between two each 
plaaea through the earth's centre. So the tfiireBtrial 
longitude of any place is the angle between the two 
planes called meridians, which both go through the 
earth's centre, intersecting all along the polar axis, one 
through the place in question and the other through 
Grreenwich observatory, or whatever place each nation 
takes for its zero or o° of longitude. The declination 
great eirdei for B.A. also intersect in the polar axis, 
only the zero is at cyi ; bnt the quaei-meridians for celes- 
tial longitude intersect in the poles of the ecliptic. 

Polar distance is the ecmplement of declination, or 
the difference between the declination and 90°. This 
is so much used that it is abbreviated in almanacs for 
our hemisphere into N. P. D. So the zenith distance 
of a star is the complement of its altUvde above the 
horizoo. The distance of the pole, or pole star (if it 
were exactly there) above the horizon, or the distance 
of the zenith &om the equator, is the latitude of the 
place where you are ; and the distance of the pole from 
th^ zenith is the eo^atitiide, or the difference of the 
latitude &om 90°. 

The ' horizon ' in astronomy does not mean the acci- 
dental boundary of your sight by earth or sea, but a 
plane through tiie middle of the earth parallel te the 
' level ' surface of water or mercury where you are, or 
to which the plumb line is perpendicular (see p. 4), and 
extended to the sky. The dip of the horizon is the 
angular distance that you can see below the hemisphere 
of sky of which the ba«e is the level plane through your 
eye ; and it is evidently greats the higher yon are 
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abore tbe earth. The lowest point, opposite to the 
zenith, ie called tiie nadir ; both of which words came 
from Arabia, like the whole contrivance of our common 
numbers, without which arithmetic most have stood 
stiU. 

The word Azimath also came from theie ; which was 
explained at p. 87, and is to Altitude what Longitude 
is to Latitude, and what B. A. is to Declination ; viz., 
the distance between two great circles like meridiana, 
passing through the zenith instead of the pole ; and it 
is reckoned from the north point of the horizon ; but 
the Frime Vertiedl goes throngh the zenith and the 
east and west points. Oelegtial hUtade is measured 
firom the ecliptic, as terrestrial latitude is &om the 
equator. Formerly the longitude of the planet* was, 
and in some almanacs still is, given by the signs, as 
£= 25", or K 6°, but more frequently now by the 
corresponding number of degrees, 205° or 336°. 

An ecliptic ia generally drawn on terrestrial globes, 
crossing the equator at 30° west and 150° east 
longitude. But there is no reason for its crossing at 
one point rather than another, and in £act an ecliptic 
has no meaning there, except as a ready mode of 
seeing over what latitude the aun is vertical at uiy 
time of the year ; and that may be done as well by 
taking his declination tiora the almanac, which is the 
same thing as terrestrial latitude. On the celestial 
globe it has a meaning and a proper place ; and the 
great circle half way or 90° from c)o and ^, which 
therefore passes through the poles of the equator and 
ecliptic and the places of the solstices, is called the 
toUtUial eolvre. 
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Orreries — bo named after a Lord Orrery who bonghi 
tk planetarium 170 yean ago — are of great antiquity, 
and may be called working models of ti^e aolai system. 
In old times of coarse they made tiie earth its centre ; 
bat they were made by Hnyghens and Bomer to 
iUustrate the Copemican system and the motions of 
Jupiter's moons, and much later by Di. Yonng and 
other astronomers. By a proper combination of 
wheels, of which I gare a simple illustration at p. 75, 
they can be made to show all the regular motions of 
the earth, moona, and planets, the changes of seasons, 
and the conditions of eclipses. But an orrery with a 
moon only a qaarter of an inch wide, and an earth of 
an inch, ought to have a Jupiter of 11 inches, a 
Saturn's ring of 21 inches, a sun of 9 feet, and a plat- 
form of 1 1 miles diameter to take in all the orbits of 
the planets on their proper scale ; so that they are 
really most delofflTe things and of no use whatever. 
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CHAPTER VI. 

ON TELBS00PE8. 

BoOES on astronomy generally give some account of 
the modes of moantiug and ueing telescopes for 
different purposes, while the explanation of the 
principles or ' theory ' of the telescope itself is left to 
treatises on optics* But for that simple-looking tube, 
vith only a large magnifying glass at one end and a 
small one at the other, we should hardly know more of 
astronomy than the Chaldeans did, or at any rate 
CopemicoB, who only guessed but could not prove 
that the sun is the centre of the solar system ; nor 
should we be able to measure a single celestial dis- 
tanoe, or even the earth itself accurately, or navigate 
the great seas with certainty of reaching any given 
place, and the civilization of the world would stand stilL 
I said at p. 39 that Galileo was the first inventor of 
telescopes ; and so he was for astronomical parposes, 
though it appeus that they had been made above 
three centuries before in England by the famous Friar 
Roger Bacon, already mentioned at p. 163, who was 
the greatest philosopher from his own time to that of 
his more celebrated namesake Francis Bacon, Lord 
Yerulam and 81 Albans, commonly called Lord Bacon, 

* There Is a cleai and oonoise beaHM od optica in Ohambeia's Eda- 
saticnuJ Oonne, raqnirlng rerj little koowlejse of geometry. 
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which he never was. Friai Bacon also invented gun- 
powder and so many other things that he was accused 
of magic, like Dr. Fanstus, one of the inventors of 
printing, and imprisoned by the Pope for ten years — 
mach longer th^ Gralileo, and only released when he 
was 74, aiter which he lived six years, and died at 
Oxford in 1294. Dr. Dee, who was more famous for 
astrology than astronomy, in the time of Queen 
Elizabeth, IS 70, appears to have iised some 'per- 
spective glasses ' for seeing things at a great distance, 
but it is not known what they were. And we hear no 
more of telescopes till they were made again about 
1590 by Jansen and Lipperhey in Holland, in what 
form is not known, and soon afterwards by Galileo in 
1609, in the form which still fforvives in opera-glasses ; 
which, as everybody knows, are always mfide doable or 
binocnlar ; and it is remarkable that the early astro- 
nomical telescopes of other kinds were generally 
double, which has long ceased to be the case. 

That was however soon superseded by what is called 
the 'astronomical telescope,' as a certain kind of watches 
are called chronometers, though all watches are or 
profess to be chronometers or time-measurers. Kepler 
seems to have suggested this construction first, though 
he did not execute it, nor perceive all its advantages. 
One Father Scheiner was the first who did, and it was 
afterwards improved by Father Bheita ; and still more 
in 1656 by the celebrated Huyghens, who discovered 
the true law of refraction, and also invented a compound 
eye-glass which is still for some purposes the best. 
For the present I only say that Galileo's telescope is a 
short tube with a large convex lens, or one thickest in 
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the middle, at one end, c^ed the object-glass, and a 
small coDcare one called the eye-glasa at the other 
end. The ' astronomical ' differs ttom. it in having a 
convex eye-glass at the end of a longer tube. In both 
the object-glass must be flatter tha^ the eye-glase to 
produce any final m^nification : indeed tbe amount 
of it depends entirely on the proportion of the cur- 
vature of the eye-glass to that of the object-glass. 
We shall see that its action is quite different from 
a single magniiying glasa There is a history of 
telescopes, and descriptions and pictures of various 
important ones, in Chamber's Descriptive Astronomy, 
3rd edition, and also in Newcomb'a. 

Space-penetrating power. — But before we talk of 
magnifying there is another part of the business of 
telescopes, which is much more simple, though less 
understood by most people, who are satisfied with 
knowing that a telescope ie a combination of glasses 
for mai^g distant things look nearer by magnifying 
them. It is not by means of magnification that tele- 
scopes enable us to see millions of stars beyond what 
the eye alone can see : or as it is called, to penetrate 
farther into space. The ^aee^peaetraiing poioer depends 
simply on a telescope being a very large eye, and 
bringing into our eye as many more of the rays from 
each point of a distant object as the area of the object 
glass exceeds the area of the pupU of the eye. It is 
true that a telescope cannot bring into the eye all the ' 
rays it receives unless the magnifying power is at least 
eqiial to the width of the object-glass divided by the 
width of the pupil ; but the magnification of powerful 
telescopes fax exceeds that. 
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To meaanie that power we nmst remember that we 
shonld want an eye fonr times as large, or twice as wide 
to Bee a star just yisible now, if it were removed twice 
B8 far ; since the rays are spread ont foar times as thin 
at twice the distance. Besides that, at least one eighth 
of the light is lost in passing throngh the glasses ; 
which is the same as if the area of the object-glass 
were only J, or its width v^f 01 '935 o' what it really 
is. Therefore the space-penetrating power of a refrac- 
ting telescope is to that of one eye as '93 of the width 
of the object-glass is to the width of the pnpil — nearly 
a qnarter of an inch ; or varies, not as the area, but as 
the width of the glass. 

By far the largest teleecopee tiiat are made have 
concave mirrors instead of object^lasses, as I shall 
explain afterwards ; and their apace-penetrating power 
would be greater in the same proportion as their width ; 
bnt much more light is wasted by reflection than by 
passing throngh glasses : indeed nearly half generally 
instead of one eighth. Therefore the space-penetration 
of Lord Bosse's telescope, whose mirror 01 speculum ia 
6 feet wide, ^ -^^-ji °' ^44 times that of a pair 
of eyes ; for the power of two eyes is or ought to be 
1^2 times that of one, on the same principle as just 
now stated ; bnt practically this is not so. This 
meims that the telescope will penetrate a sphere of 
stars of 144 times the radius that we can see without 
it ; and therefore, if the stars were scattered equally 
thick aU throngh what we can only call infinite space> 
we should see 144' or nearly three million times the 
usual number with such a telescope. In some boohs it 
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has been put mucli high^; but they neglect the loss 
of lights and compare with one eye only. The largest 
refi^cting telesoopes yet made have b^n — one by the 
late Thomas Cook of Tork foi Mr. Newall, with 
» glass of 25 inches, and a still I&rger one by Alvan 
Clark for the United States Naval Observatory in 
1873, with a 27i-inch glass having a dear opening 
within the rim of 26 inches, and a focal length of 30 
feet. The penetration of that would be about 67 times 
a pair of eyes by the above mode of calcolatioo, or 
it would see above 300,000 times as many stars. 

Hagoiflcation. — In both cases the whole of the rays 
received by the tfllesoope are made to converge by the 
mirror or object-glass in just the same way as the rays 
from the sun converge into a small bright spot or 
image of the sou in a common burning-glass. Bat 
this is connected with the other part of the boainess of 
telescopes, which requires a good deal more explaining. 
H^;mfication, either by a single convex lens or by any 
combination of glasses, oonsiste in the rays which come 
to the eye from the ontsides of an object being made 
to come at a wider angle with each other than they do 
naturally. But this is not all : if it were, a common 
2-inch magnifying or baming-glass which makes a 
bright spot at 3 inches from the glass would magnify 
the sun from 32', its apparent diameter to the naked 
eye, to 37° : that being the angle at which the ontside 
rays converge to a focus through such s glass. 

Indeed if you could look at the sun through such a 
glass with your eye at the focus without burning it out 
■ — as you may at the moon — it would appear magnified 
enormously; but then it is all in oon^on, because 
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the rayB &om each point of the son or moon are not 
brought to a point f^aiu at the back of the eye, where 
a diBtinct (though inverted) picture of everythiog seen 
most be formed if it is to be seen distinctly. The 
picture of the last thing seen actually remains there 
for a time after death, aa Scheiner discovered long ago. 
The condition for distinct vision is that the bundle or 
fencil of rays which come from ewh point of the object 
to the glass ahall be brought to the eye in a parallel 
Btate, like a thin stick of straight wires (or rather 
diverging for short-sighted eyes), but the pencils from 
the va/ruym points of the object must make some sen- 
sible angles with each other if it is to have any ap- 
parent size ; and the wider those angles are the more 
it is magnified. 

It may occur to you to ask what is the use of apply- 
ing telescopes to the stars when no magnifying power 
will make them look any larger (p. 337), The use is 
to measure their distances from each other and from the 
meridian or the equator, or any other circle ; for those 
distances are magnified by the telescope, and are 
measured by the time the star takes to move over 
them, or by the angle which the telescope has to be 
moved through from one star to another. 

Again yon may say that terrestrial objects seen 
through a telescope do not appear larger than usual 
but only nearer. But that is exactly the same thing ; 
for, aa I have said several times, the apparent size of 
anything has no meaning except with reference to its 
distance ; and it is only because we know by experience 
the size of hooses, trees, and men, that we do not think 
of them as appearing larger when seen near than ias. 
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off. When we come to monntains or buildings above 
the usual size we are constantly deceived, and generally 
take them to be smaller and nearer than they are. On 
the other hand very small things do appear very large 
through a microscope, which is only atelescope adapted 
for near objects, because we can never see them so large 
with the naked eye, in consequence of the eye not being 
able to see anything distinctly nearer than 5 or 6 
inches ; for then the pencils of rays from each point 
diverge too mach to be brought to points again by the 
lenses of the eye and to form a distinct picture on the 
retina. 

The short explanation of an astronomical telescope is 
this ; see the figure at p. 375. Bays of light spread 
from the point A. of the object 9 in all directions. A 
certain nnmber or pencil of them is received by the 
object-glass OPQ all over it: after passing through 
that convex lens they converge to a point or focus /. 
In like manner the rays from another point B come to 
the object-glass, crossing the A rays without at all 
interfering with them, and then converge to another 
point t at the same distance as /; and in that way 
an inverted image/* of the object AB is formed there, 
which is as much smaller than the object as 0/ is 
less than OA, and very near the eye-glass (Ae. Then 
the rays that came &om A diverge a little from/ to a, 
and the B rays to h, and there both pencils are refracted 
and made to come, each in a paraUel state, into the eye 
at E, but making a much wider angle oEb with each 
other than they did coming from the object : which is 
the increase of apparent size or magnification. For the 
rays in each pencil are changed by the eye-glass from 
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diverging into parallel ones, which is the state the eye 
requires for diatinct vision. 

Law of reCractioii. — But though this is enough as 
a general description of a telescope, I have given no 
reasons yet for anything that the lenses do, nor 
explained what the magni^dng power is for any given 
pair of glasses. If you want to understand these things 
we must begin again with refraction, and see how they 
all come from one tolerably simple law — not to go 
farther back into the causes of that, which are far more 
cfHnplicated. Per this purpose we most use a figure. 
ABC is a prism or 
wedge- shaped piece of 
glass, and 8a a ray of 
light entering it at a 
isom the air, and XaY 
perpendicular to the 
Bur&ce. Then instead 
of the ray going on 
straight, it is bent aside 
at a into the direction 
ah neater the perpen- 
dicnlar, unless it hap- 
pens ia be itself perpendicular, in which case only it 
goes straight (see p. 287). 

So long as the oblic|mty is small, as it always is^ 
with the rays which fall on telescope lenses, the angle 
SaX in the air may be considered to bear the con- 
stant proportion of f to the angle laY in the glass ; 
and therefore ^ is called the tncJm of refraeUon for 
glass ; aa ^ is for water (compared with air) and 2*44 for 
diamonds. At b the ray emerges again out of glass 
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into air, and follows the same law, ttLTuing off into an 
angle ZM> which is § of the angle oiT in the glass, 
T&Z being the perpendioulai at the sorfooe. The 
angle in the thinner medinm is generally called the 
' angle of iDcidence ' and that in the denser one the 
' angl« of refraction ; ' but they are jnst the same 
whichevei way the ray is going, and it is better to 
think of them as the air angle and the glass angle. 

If the two Burfaoea of glass were parallel, it is evi- 
dent that the second le&aotion at b would just balance 
the first at a, and the ray would eme^ parallel to 
its first direction, only a little poshed aside, according 
to the thickness of the glass and the obliquity of the 
incidence on either su&oe. Bat if the suriaces are 
inclined, the emerging ray (whether it is Sa or Gb) 
deviates from its original direction, as you see in the 
figure, and is brought downwards towards the thickest 
part of the glass, or away from the angle 0, called the 
refracting angle, where the two refracting surfaces 
meet. It may be proved by a little geometry that the 
deviation is half the refracting angle of the prism 
ABC ; i^. if Sa is parallel to BAG- or any other line 
in that sort, of position, the angle MxA will be half the 
angle C, provided the angles at a and b are small ones ; 
and they cannot be both small unless G is. 

Though this is not a treatise on optics, yet to prevent 
mistakes I had better tell you that when the angles of 
incidence and refraction are not small the relation 
between them is not quite so simple. If you draw any 

line SX at right angles to flX, the fraction g — is 

called the shw of the angle SoX, as already stated in 
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effect at p. 287. And tlie tme relation between the 
two angles, either at a or 6, ia that the sine of the 
air angle is § of the sine of the glass angle. Ton 
will find in books of mathematical tables the sines 

of all angles np to 90°, where 15— eridentl^ becomea 
I, and the sines can go no fiuiiher, but decrease again ; 
bat BO long as the angles are small, the sines increase 
in nearly the same proportions as the angles them- 
selves, which simplifies telescope calcnlations materially. 

Internal reflection. — On the other hand when yon 
get np to 41° 48', the sine of that is f ; and therefore 
no glass angle beyond that can have any corresponding 
ail angle, as there is no angle with a sine greater than 
I. And then comes the remarkable consequence, that 
a ray trying to emerge from glass at any greater 
obliquity than that, which is c^led the eriUoai angle, 
cannot get out there at all, but is reflected back a^^, 
more completely than if the back of the glass were 
silvered for a mirror. Thus if the angle oJT in the 
figure were as much as 42°, the ray would not go ont 
of the glass, hut would be reflected to c on the third 
side of the prism, and there go ont to E with the usual 
refraction, unless it arrived at e also too obliquely to 
get out, when it must try again at the side BC. The 
critical angle of water is 48^°, and of diamonds only 
2S° : which is the reason of the brilliancy of diamonds, 
and of dew drops which stay on certain leaves un- 
broken, viz., that a great deal of ths light falls on 
them too obliquely to pass through their back surface, 
and so it is reflected. 

Beflecting priBm. — Therefcne if light Mis directly 
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(i.e. perpendicularly) on one of the narrow faces of a 
prism whose angles are 90°, 45° and 45°, it reaches the 
wide face at the same angle 45° ; and as that exceeds 
42°, it is all reflected oat directly at the other narrow 
face, at right angles to its original direction ; and snch 
a prism is a far better reflector than a flat mirror set at 
the angle 45° to reflect at right angles. Such a prism 
is used for the small mirror in Newtonian telescopes 
(see p. 396). A little light indeed is reflected at every 
change of surface, which is the reason of the loss of 
light in passing through the glasses of telescopes, but 
only a little until the critical angle is reached. Yon 
will see how this is turned to account in telescopes for 
lookiug at the sun (p. 398). 

If you find it difficult to believe that light cannot 
get through a transparent medium anywhere, you may 
verify it by hanging something a little under water on 
the far side of a trough or basin, and lookiug at it 
while you bring your eye down to the water on the 
near side. At a c^tain distance it will vanish, although 
you can see the far side of the trough below and beyond 
it The reason is that the rays which ought to eome 
from it to your eye reach the surface of the water too 
obliquely to come out, and are reflected down again 
internally, as you would see if your head were under 
. the water instead of over it. 

Thus far there is no material difference between a 
thin priam of which ABC is a section and a convex 
lens ; for though its faces are segments of spheres, a 
ray passes through it exactly as it would through a 
prism toncbing it at the points a, &, as I have drawn 
the figure. But when many lays foil on different parts 
2b 
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ot the snr&ce, a lens will manifestly affect them all 
diffetently ; and those which fall near the edge will be 
moie refracted than those neai the middle, because the 
surfaces are more inclined to each othet near the edge 
than near the middle, where they ace parallel. And 
it fbrtonately happens that all the rays &om any one 
point, far or near, after passing through a convex lens, 
whether directly or obliquely, converge again (very 
nearly) to another point or focas somewhere in a 
straight line through the first point and the centre of 
the lens ; which line is called the axis of that pencil : 
as you may see with the rays spreading from A or B 
over the lens OPQ in the aatronomioal telescope at 
p. 375, and converging again to f and t in the axis of 
each pencil. 

Focal length- — If the rays come irom a point so far 
off that they are practically parallel, the point of con- 
vergence is called the focos of the lens, and its distance 
&om the lens la called the focal length. Conversely, 
if rays emanate from a point at the focal length they 
will emerge from the lens parallel : but if &om a point 
nearer, they will not converge at aU, but only diverge 
less than before : if from a point beyond the focal 
length, they converge to a focus somewhere beyond 
the focal length on the other side. These two points 
of divergence and convergence are called eon^'ugate foot, 
and are related by a very simple role : if the distance 
of one is u and of the other v and the focal length /, 
then V is the product of /« divided by their difference, 
u being greater than /: if it is less, then v is the dis- 
tance beyond u from which the rays appear to diverge 
after passing through the glass. 
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The focal length of a glass lens, the refractive index 
of glass being §, bears a Toiy similar relation to the radii 
of curvatuie of its two suifaces. For it is twice their 
product diyided by their BUm ; or by their difference, 
if one side is concave but the lens effectively convex, 
or thickest in the middle, which Is called a meniscus. 
Therefore the focal length of an equi-conves lens is 
the radius of curvature of each face, and of a plano- 
convex it is twice the radius of curvature of the one 
spherical &ce. Another practical rule is that the focal 
length is the square of half the width of the glass 
divided by its effective thickness or excess of the 
middle over the edges. But these rules only hold for 
glass, whose re&active index is |. 

Concave lenses also have a focal length, which may 
be calcalated by the same rules, but it means a dif- 
ferent thing. When parallel rays foil on such a lens 
they are made to diverge as if from a point on the 
same side as the object, and the distance of that point 
is called the focal length. Bays really coming bom 
that point, or any other, by no means emerge parallel, 
but are spread out wider by a concave lens, 

A pencil of rays may pass either ' centrioally * 
through a lens, like the pencil AO/ and all the othera 
through the object-glasses (p. 375), or 'eccentrically,' 
as they do at a and b in the eye-glass, and at page 
366. The sarfoces across the centre of a lens are 
practically parallel to each other, or perpendicular to 
the axis of any pencil of rays through the centre ; and 
therefore centrical pencils are not refracted at sU, 
though the rays which compose them are refracted to 
a focus somewhere in the axis of the penciL Bat 
2 B 2 
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eccentrical pencila are wholly re&acted, and beat in- 
wards, and so made to converge to the eye E beyond 
the lens. 

That also shows how a common Trmgnifying glass 
or cooTCz lens magnifies things near the focal distance. 
All the points in the object except the middle one 
are seen by eccentrical pencils, which are refracted and 
made to conTCrge to the eye at wider angles with each 
other than the pencils by which those points «k seen 
without the glass. Withont the glass the appiu^nt 
size of 5 wonld be /Et (drawing lines /E, lE to the 
eye) (see p. 375); with the glass it is aE6, a mnch 
larger angle. IJF the object is mnch nearer the glass 
than ita focal length, the raya of each pencil diverge 
too mnch for the glass to make them parallel enongh 
for distinct vision; and besides that, the angle /£t is 
then nearly the same as dEh, and so there is little 
magnification. On the other hand, if it is too Car off, 
the rays of each pencil converge into the eye and 
again prodnce indistinctness ; and the pencils also 
become so nearly centrical that tiiere is no sensible 
magnifying. The magnifying power of a glass for 
objects near its foons evidently varies inversely as the 
focal length. 

Images. — But a magnifying glass has another and 
a very different effect, mnch less known, on which the 
action of a telescope depends. If yon fix a common 
long-sighted spectacle glass in the open window, and 
recede from it, any object which you see throagh it 
becomes more and more conftised, until it suddenly 
reappears inverted and smaller. In &ct it is no longer 
the object itself that you see, bat its image, fonned as 
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I described at pag;e 365. If the object is so far off 
that the rays of each pencil may be called parallel, 
the image will evidently be at the focns of the lens ; 
and smaller or larger according as the focal length is 
less or greater ; for the size of the image is to the size of 
the object as the focal length is to the distance. If 
the object is only a little beyond the focal length, the 
image is &rther oGf and larger, as in microscopes. So 
the transparent pictures put upside down into a magic- 
lantern, a little beyond the focuB of a convex lens, 
cast a magnified image of themselves upright on the 
wall, or on a wet sheet if yoQ want to see them £rom 
the other side. On the other hand the small bright 
spot under a buming-glaBs is the image of the sun, 
taking his shape reversed in an eclipse, or that of the 
crescent moon. 

Spectacles. — Short-sighted eyes require the rays 
from each point to come in a diverging state, as they 
do when the object is very near, though the pencils 
&om the different points then come more converging, 
and so the object looks larger than average eyes can 
ever see it. Therefore concave spectacles suit short 
sight, which make the rays diverge. Long-sigbted 
eyes require parallel rays, and therefore cannot dia- 
tinotly see things near, without convex glasses to make 
the diverging rays parallel, not really to magnify the 
objects, though they do sa Holding a book far off 
makes the rays of each pencil come parallel or nearly 
so, but it also makes the letters appear smaller and 
send less light into the eye ; so that it is the same as 
reading smaller print by a worse light; therefore it is 
better to use spectacles. But old. eyes also require 

Ciqitl^cdbvGoOgk' 



374- Astronomical Telescope. 

more light than yonng ones, heaidee the alteration of 
the focna, and therefore stronger spectacles for candle- 
light. It is odd that short-sighted ejes do not become 
mean-sighted with age, though mean-sighted ones 
almost always become long-sighted. It is still moid 
odd that they occasionally recover at a great age, 
thongh very seldom indeed. 

When we talk of parallel rays, it always means the 
tays of one pencil and not tho lays of different pencils ; 
oidy the stars are eo far off ibsit the pencils of rays 
from their ontfiides come to ns at no angle that can be 
measured by the atmost magnifying power, and there- 
fore practically as parallel as the rays of each pencU ; 
and that is why a star in the largest telescope looks 
no larger than in a small one, and wonld look an 
absolute point but for irradiation and defects of vision, 
thoogh Neptune or the satellites of Jupiter can be 
magnified into discs of visible size. For the rays 
of a pencil diverge no more than the width of the 
glass divided by the distance, while the extreme rays 
or pencils from a planet make an angle = the width 
of the planet divided by its distance. 

ABtronomical telescope. — Ton can now understand 
the operation of an astronomical telescope, and how 
its glasses must be placed, and how much it magnifies. 
The image being formed at the focus of the object- 
glass differs from an ordinary small picture in the fact 
that the rays can only go from it in the directions in 
which they are sent by the object-glasa. Conse- 
quently the eye-glass must be exactly at the proper 
place to receive them and bring them in a proper 
state for vision to the eye ; that is, for ordinary eyes 
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it must have its own focus coinciding with the image 
or the focus of the object-glass, and be moved neaiet to 
it for short-sighted eyes which require diverging rays- 

Magni^ring power, — Then for the magnlAcation : 
the pencils dE, hE are parallel to fe, ie, the lines irom 
/ imd i throngh the centre of the eye-glass, because / 
and i are at the focal distance ; and so the apparent 
size of the image oEb = fei, instead of AOB the 
naturally apparent size of the object, which is OTidentty 
the same as the angle /Ot. Those angles being small 
are inversely as the distances of the image fi &om O 
and e (the angles aie liosienBely e^iaggerated in the 
figure for distinctness) ; or the magnification is the focal 
length of the ohject-glass divided by that of the eye- 
glass. And that is the case in all telescopes, except two 
of the reflecting ones which I shall mention afterwards. 

Ton see then that the business of the object-glass is 
not to magnify the object, but to form an image of it 
to be magnified by the eye-glass ; and the flatter the 
object-glass is the larger is the image that it forms. 
The average apparent diameter of Jupiter being nearly 
40" or '0002, the size of its image from a glass of 10 
feet focal length is *024 inches; and with an eye-glass 
of I inch focal length, the apparent diameter of 4 
will be magnified 120 times, or into 80', or nearly 3 
times that of the sun or moon, and Jupiter will look 
7 times as big as the moon, and Saturn nearly as big 
as the moon. But magnifying power is reckoned by 
diameter and not by disc, which varies as the square 
of the diameter.* 

* Tbia doea not apply to advertleemenla of mlcroBOopeB magni^ing 
diopa uf WBtei: tOAay tttousaud times ; thej evidenUj caU a magoifl- 



:,q,t,=cdbvGoOgle 



Galilean; Field of View. yji 

Galileo's telescope (see figure at p. 375) haa a. con- 
cave eye-glass placed at its own focal length before the 
focus of the object-glasa ioBtead of behind it. There- 
fore it makes the rays of each pencil come out parallel, 
but the pencils themselyes diverge into the eye at an 
increased angle fcoa, instead of converging to R But 
that produces a widened image in the eye just as well.. 
Here no image is formed in the telescope, and there is 
no inversion ; for though the pencils Ao, B6, cross at O 
as before, the A pencil from the top of the object comes 
into the eye in the direction \ea, as &om the top of a 
lai^er 9 , and the B pencil Fefc comes from the bottom. 
The crossing of the apparent directions does not signify.. 
In the astronomical telescope the rays cross in a differ- 
ent way at £ where they enter the eye, and a 3,i(i- 
^vragm or plate with a hole in it is fixed there to 
guide the eye to the proper place. 

Field of View. — But the capacity or field of view in 
the Galilean telescope is limited by the size of the. 
pupil of the eye, as the pencils diverge into it ; and for 
the same reason very high magnifying powers catmot 
be tued. I have drawn all the parte of both telescopes 
out of all real proportion, or else the small angles made 
by the rays would not be visible. The field of view, or 
the lai^est apparent diameter that can he seen at once, 
is evidently the angle aOb or AOB, or the width of 
the pupil divided by the length of the telescope, even 



oatlon ot two hundred, 40,000 : poaaiblj they even I'eobni the insects 
in a drop of watei by onbioal size, aa ana would think from the sensa- 
tional desotiptioDB of 'orgaaised bodies 'in some drinking water whioli 
is perfeotl; wholesome, wtille water oaotaiiiiDg none that any mioro- 
coope will leveol mi^ be poIsoQOiu, 
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if the eye is close to the eyeglass : which is a reason 
for keeping them short In the astronomical telescope 
that angle is not the width of the eye, bat the width of 
the eye-glass, divided hy the length of the telescope, 
meaeuiing hy the axis of the two extreme pencils, 
which however allows half of their rays to slip over the 
edges of the eye-glass. And the field is limited to 
that by a diaphragm or plate with a hole in it fixed 
across the focns to stop any pencils more ohliqne than 
those whose axes fall jnst within the eye-glass. Glasses 
of higher power or shorter focal length are also smaller, 
and so the field of view is less the higher the power 
that is used in the same telescope. 

Long telescopes with high magnification often have 
B. finder set upon their back, which is a short and smaU 
telescope of less power, in which the eye-glass is maoh 
larger in proportion to the length, and therefore the 
field of view greater. This also was an invention of 
Newton's. 

Another serions defect of the GaUlean telescope for 
astronomy is, that, as the rays never reach a focns, there 
can be no cross wires set there to mark the tr^isit of a 
star, or to define its exact position, which is a most 
important part of the business of telescopes. Tha 
inversion by the astronomical telescope does not signify. 
In land telescopes of that constrnction another lens, or 
more, is introduced to reverse the image back again, 
and then it is better than the Galilean. 

Brightness. — Although a telescope gathers much 
more light than the eye, and woold act as a burning 
glass, it does not make objects look brighter, but dim- 
mer. For if all the light received by it enters the eye 
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it can only exceed that Teceived without the telescope 
as the area of the object-glass exceeds that of the pnpil, 
or as the squares of their widths. And if yon cbaw a 
pencil of rays going centrally through both glasses you 
will see that its width at the object-glass (which is the 
width of the glass itself) is to its width at the eye-glaas 
(and therefore to that of the pupil, if the whole pencil 
is to enter it) as their focal lengths, or as the magnify- 
ing power. But the rays are spread out wider and 
thinner over the magnified object or image in propor- 
tion to the square of the minifying power, and there- 
fore (under the aboTe condition) as the area of the 
object-glass is to that of the pupiL So the magnifica- 
tion diminishes the brightness at least as much aa the 
size of the object-glass increases it ; and the brightness 
is reduced still more, either if the pencil does not fill 
the eye by reason of the magnification, or if it is too 
large to be all taken in ; which is the case unless the 
magnifying power is at least fire times the diameter 
of the object-glass in inches, since the pupil is only 
-2 inch wide. Besides that, there is the loss of light 
in the glasses, aa stated at page 362. So the image in 
a telescope can never be as bright as the object, although 
you receive a greater quantity of light, 

Frofesaor Newcomb remarks (p. 141) that it seems 
paradoxical, though true, that a body of visible size, 
which stars are not, begins to grow darker, when the 
magnification is increased beyond 5 x the inches of 
object-glass, because the light is spread over a lai^er 
surface of the retina or the apparent size of the object 
is increased. He mentions too that Sir W. Herschel was 
ouce surprised by what looked like the dawn of day, 
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but was only Sirius approaching the field of view, wid 
that it is dazzling in a large telescope. 

Colour dispersion. — Sut both kinds of refracting 
telescopes, so f ai as I hare described them yet, have a 
serious defect, which made Newton and others abandon 
them for reflecting ones. It yon look throngh a strong 
magnifying glass, or a common cheap telescope, yon 
see things fringed with coloun and indistinct ; as is 
still more risible in the magnified images of a magic- 
lantem. The reason is that the seven colours which 
make up a ray of white light are not refracted equally 
by any substance ; or every ray of white light is split 
up by refraction into seven coloured ones, some of 
which are more refracted than others. It is not very 
easy to see it at one refraction, but it is evident 
enough with two, as when a ray emerges from a prism. 
Turning back to p. 366, the whole emergent ray does 
not come in the direction bG-, but only the middle or 
green part of it, while the red is refracted through the 
smaller angle TihS,, and the violet as much as TAY : 
the whole spectmm consisting, first of invisible cool 
and chemically acting rays, most refracted, then violet, 
indigo, blue, green, yellow, orange, red, and then 
invisible hot rays, as described at p. 107. Those at the 
violet end are comprehensively called blue, and those 
at the other end of the spectrum, red.* 

Consequently a lens cannot bring any pencil of rays 

* We are not ooncemed bere vith the tatA that all the seven prii- 
matlo ooloarB can be made np bj combinrng differeut shades of red, 
blue, and gieen, not led, blue and jellow, aj in actiflcial colours or 
paintt : for yellow ia reallj' green and red (lee Sir J. Herscbel on Light, 
' Familial Lcotores,' p. 158). 
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f eally to a focus ; but a bloe image of every point of 
the object is fonned nearer to the lens than the led 
one, and a green one somewhere between the two, 
which is oyerlapped by the red rays before they reach 
their focus and by the blue diverging again after they 
have passed their focus. Therefore the smalleat image 
of each point in the object is a little circle about haJf 
way between the red and the blue foci ; and that circle 
is never less than one fiftieth of the width of the lens. 
Consequently large object-glasses could not be aaed 
until this defect was cured by the invention of 
compound aehromatia or eolonrless glasses, which I 
will describe presently. 

Moreover the colour dispersion is increased to the 
eye by increasing the m^iifying power of the eye- 
glass, or using one of very short local length ; and 
as the magnifying power of the telescope is the focal 
length of the object-glass divided by that of the eye- 
glass, the only way of getting a highly magnifying 
telescope was to have an object-glass of very great 
focal length. Accordingly they were sometimes made 
&om 100 to 600 feet long, so that the object-glass had 
to be set npon a pole, without any tube, and with 
strings and levers to pull it into the right direction 
for sending the rays into the eye-glass. Such tele- 
scopes were called aSriaL It is curious that we are 
letuming to them in one respect ; for tubes are being 
superseded by open frames for very large telescopes, 
with the glasses fixed in them. 

Achromatic telescopes. — ^By an unlucky mistake in 
an experiment Newton missed the discovery, which 
was not made use of till nearly a century afterwards, 
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by Dollond the optician, though it was made before 
by Mr. Hall of Worcester, that glasses of different 
densities have different powers of dispersion into 
oolonrs for the same amount of general refraction. A 
lens of fiirU glass, which contains lead and has a 
specific gravity 3-6, spreads the blue rays farther away 
&om the red, though it may reiract the red or the 
green equally with a crown glass of the same con- 
vexity, whose specific gravity is only 2-5. Therefore 
a slightly concave flint lens may re&act the blue 
rays outwards just enough to oorreot the excessive 
refraction of them inwards by a very convex crown 
lens, while it leaves a general balance of refraction 
over, because the two lenses together are on the whole 
convex or thickest in the middle. Or the same thing 
may be done by putting a double concave flint lens 
between two convex crown lenses. I have' drawn the 
object-glass of the G-alileau telescope in this way, and 
that of the astronomical with only two glasses, in the. 
pictures at p, 375, 

■ The rule for determining their proportions is simply 
that the focal length of the flint glass must bear the 
same proportion to that of the crown glass (or of the 
pair of them) as their respective dispersive powers, or 
as '068 to 'OiS. Tor the width of the spectrum of a 
flint-glass prism, or the angle between the extreme red 
and violet rays, is -3 of its mean angle of refraction of 
the green ray, while the ratio of dispersion to mean 
refraction by a crown glass or the reflection generally is 
*i7, or about half as mnch as by the flint glass. 

Secondary colours. — Still the correction is imper- 
fect, by reason of what is called the irratioaality of 
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diBpetsion ; which means that the ratio of dispersion 
to the mean refraction is different for the different 
colours b^ any two kinds of glass, A flint-glass 
prism which disperses the blae rays as far from the red 
as a given ciown glass (of a greater refracting angle) 
does not disperse the green rays qnit© as far from the 
red as the crown glass does. Consequently when the 
prisms are put together, turned opposite ways, they 
bring out the red and blue raya together, but leave a 
little green behind; and so the image through a 
compound lens of that kind is still fringed with green, 
and has not a sharp outline ; or the definition is im- 
perfect. And although this secondary dispersion is 
only a 6oth of the primary, and therefore a 3000th of 
the width of the object-glass, it is enough to leave a 
sensible advantage on the side of reflecting telescopes, 
which make no colours. Even if a tiurd glass of 
some different composition is osed, none has yet been 
discovered which completely annihilates the colours. 

Dr. Blair indeed did effect it in a temporary way 
by fluid lenses (of course enclosed between glasses), 
which had the requisite action on the different 
colours : but they could not be made to last. Certain 
olU and gums refract green light much less than even 
flint glass ; and a long table of them, in the inverse 
order of their effect on green light, is given in Sir D. 
Brewster's treatise on Optics in the Eucyolopiedia 
Britannica, Mr. Justice Grove above 20 years ago 
made solid lenses of resin and castor oil,* and also of 
hardened Canada balsam and castor oil, interposed in 
a meniscus form between Uie crown and flint glass 
• See BJLB. ■ Notioea,' of 1S5;, and ' Fhll. Uag.,' M«nh of 1867. 
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lenses, which he said very nearly destroyed all 
secondary colour ; and he advised opticians to puisne 
the subject on that footing, as they alone have 
{j^nerally the means of doing it. Mr. Wray, an 
optician, patented a * semi-flnid cement ' of oil of cassia 
and castor oil, or Canada balsam, to be interposed as 
a meniscns lens ' hermetically sealed ' between the 
crown and flint lens, the crown glass being made 
flatter at the back than nsual, to leare room for the 
meniscus of cement, as Sir W. Grove's was. 

This is said to answer extremely well for the achro- 
matism, but great doubt is expressed as to the possi- 
bility of making any but a solid composition permanent, 
under the changes of temperature to which telescopes 
are exposed. For an obserratory must keep ne^ly 
the same temperature as the air outside, or the refrac- 
tion is disturbed (p. 287). The glasses of a compound 
object-glass are indeed_ often united by a transparent 
cement of the same refi^tire index as glass, ae nearly 
as possible ; since that preTents internal reflection 
(p. 368), by making the two glasses as it were continu- 
ous, instead of leaving a fihu of aii between them. 
But such cement is of the same thickness throughout^ 
and as thin as possible ; while these dispersive cement 
lenses are thickest in the middle, and therefore do not 
expand and contract equally at the middle and the 
edges, and are difScnlt to keep hermetically sealed 
between glasses if they are fluid. The principle of 
these inventions is, that the oils and resins refract 
green light less than glass ; and therefore if the convex 
lens is in efTect made partly of glass and partly of 
these things, they produce together a convex dispei- 
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sion of all the colours in such a ratio that the concave 
disperaioa of the flint lens can correct it : or that the 
two opposite dispersions become ' rational ' instead of 
irrational. 

Spherical aberration, — Independently of colour dis- 
persion, a lens with spherical faces does not bring 
the rays of any pencil or of any colour absolntely to 
a point ; for those which come through the edges are 
brought to a focus rather sooner than those near the 
middle of the lens. The amount of this spherical 
aberration, or astigmatism (not coming to a point), as 
it is also called, depends on the shape of the lens, and 
even on which side of it faces the light, if the two sides 
are different ; and it is always much less than the 
chromatic dispersion of a single lens. The shape 
which gives the least aberratiou (of those which can 
be used) has the front face 6 times as convex as the 
back; which opticians call a crossed Una. The diar 
meter of the least circle of aberration, or the image of 
a point in such a lens, is only the 2 1 60th of its width, 
when the focal length is 10 times the width. And it 
increases aa the cube of the width, but inversely as the 
square of the focal length-: so in that respect also the 
long aerial telescopes had an advantage. 

Theoretically this defect may be cured by making 
the faces of the glaas not quite spherical, but practi- 
cally they cannot be ground in any other form. And 
fortunately the aberration can be corrected in another 
way, by selecting proper degrees of curvature for the 
separate lenses of a compound object-glass, without 
interfering with their achromatism, as that depends 
only on their fooal lengths, not on their total oon- 
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vezity and concarity. Yarioiis distribtitioiiB of the 
cnrvature will answer, and Professor Pritchard calcu- 
lated a table of corresponding curratures to Bnit 
TaiiooB focal lengths, so that any glasses may be 
matched at onc«. The best general forms are like 
those in which I have sketched the two objeot^Iaases 
^^ P- 375 ^ith the curratuies very much exaggerated. 
The crown glass in front has its front fece more convex 
than the back, and the flint glass behind fits it, and 
has its back convex, bnt less so than either of the 
crown glass faces, so as to be effectively concave (which 
is called a ' reversed meniscus ') while the whole object- 
glass remains eflfectively convex. There are similar 
arrangements for treble glasses. 

Compoimd eye pieces. — Hitherto I have spoken of 
the eye-glass as a single lens : which it still is for very 
high magnifying powers. But where distinctness or 
defimtiim is chiefly aimed at, the eye-glass also must 
be corrected for colour, for spherical aberration, and for 
something eW For suppose a centrical penoil of rays 
to be brought exactly to a focus by the object-glass : 
it goes on to the eye-glass eccentrically, except of 
course the one pencil which keeps the axis of the 
telescope ; and then instead of being refracted into a 
round and colourless stick or pencil of parallel rays, it is 
spread out into a coloured oval one, of rays not parallel 
in one direction (that of the plane of the paper in 
the figures at p. 375) but diverging. Moreover all the 
points of the image ought to be at the focal length of 
the eye-glass, or it ought to be concave towards the 
eye-glass : but in &ct it is rather concave the other 
iray, being formed by the object^lass. Consequently 

c,q,t,=cdbvGoogle 



Huyghena^s Eye-piece. 387 

tlie rays from the ontside of the image come from 
rather too far off and are more turned inwards by the 
eye-glass than if they came exactly from its focal 
distance. 

It is found that the best way to correct all these 
errors ia to divide the work of the eye-glass between 
two less convex lenses separated by a space equal to 
the mean of theii focal lengths, or 2 inches if the focal 
length of the first is 3, and of the second (next the eye) 
I inch. The first is called the field-glass, because the 
field of view now depends on that (see p. 377), and it 
stands at half its own focal length before the focus 
of the object-glass ; so that the image is now formed 
between the field-glass and the eye-glass. The best 
shape for them is a meniscus field-glass with radii of 
curvature as 4 to 11, and a ' crossed lens ' (Le. of radii 
I and 6) for the eye-glass, both with their convex faces 
towards the light. 

This is Hnyghens's eye-piece, except that he had 
two plano-convex lenses; and it is also called the 
negaiive one, beoanse the image is behind oue glass, 
but before the other. And this involves a serioua 
defect for some purposes. The image no longer has 
the same proportions as the object, but the outer parts 
of it are contracted, because the pencils near the 
edges of the field-glass are most re&acted or bent 
inwards. The image of a square would thus have its 
comers bent in or the sides curved out, and a piece of 
netting would appear to have the outer mesbea smallei 
than the middle ones. Consequently it will not do to 
put cross wires there for measnring an object or its 
poution. 

2 a 
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For that purpose the poeiHve eye-piece was invented 
by Bamsden, s famous instrnment-maker aboat 1780. 
In it both the glasses are beyond the focus of the 
ohject'glasB, where the wires are, and so they and the 
image axe equally magnified by the eye-piece. The 
glasses are two equal plano-convex lenses with their 
convexities focing, at a distance = § of each of the 
focal lengths ; and the field-glass is a qaarter of its 
own focal length beyond the focna of the object-glass. 
It is not qnite achromatic, but it has less spherical 
aberration and distortion than the other. 

The prinoipla of both the positive and negative eye- 
pieces is this. An achromatized pencil from the object* 
glass reaching the field-glass eccentrically, its bine 
rays are there most refracted, and are sent to the eye- 
glass nearer its centre than the red rays which are 
least refracted. Bot those which strike the eye-glaaa 
nearest the centre, or least obliquely, are least re&acted 
by it ; and so the least re&action there balances the 
greater refraction before, and the bine and the red come 
out parallel, and then the lenses of the eye nnite them 
into a colonrless point. The same kind of compensa- 
tion tabes place also between the rays which are most 
refracted and least refracted by the field-glass by reason 
of spherical aberration, and the convexity of the image 
being tamed the wrong way ; and so these compound 
eye-pieces correct both defects. 

The inverted image is turned into an erect one in 
land telescope by an eye-piece generally made of four 
glasses ; but we are not concerned with them. All eye- 
pieces are made adjustable for different eyes by the eye- 
glass sliding nearer to the object-glass for short-sighted 
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eyes, whicli require the rays of eacli pencil to diverge 
a little ioBtead of being paralleL 

Micironiflters. — The measnring wirea which I have 
sereral times spoken of are stretched across a small 
frame which slides a little across the telescope with a 
screw, of which the head is graduated, so that you can 
measure exactly how far any wire has to move to bring 
it into contact with a star, to measure its distance from 
any other star or the meridian or zenith. The same 
screw apparatus is also used outside some telescopes to 
adjust or measure their position, with microscopes at- 
tached to it^ and in each case it is called a micrometer, 
or meaaoier of small distances. The wires are fixed 
in and parallel to the meridian for transit purposes, 
and horizontally for measnring altitudes and polar 
distances. The wires in the reading-ofT micrometers 
are set so that they may be brought to coincide with 
the gradoations of the circle they are to read off. They 
are sometimes spider lines, as ihej are finer than any 
artificial lines that can be made ; and they have to be 
illuminated by light reflected on them from a lamp. 

Mr. Cushing of the Indian Stores Office showed me 
a substitute for spider lines, which he had made for 
surveying telescopes in places where it would be im- 
possible to get snob lines replaced, of fine diamond 
lines on glass. They seemed to me perfect 

Since each pencil of rays spreads over the whole 
object-glass, half a lens nu^es the same image as the 
whole one, only not so bright. If the two semicircular 
half lenses sUde along their common diameter two 
images will be visible whenever the two centres do not 
coincide. And the distance imm the first contact of 
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the images to the last, measured by the tnnu of the 
screw which moves one half lens along the other, is 
eridently twice the width of each image. This double' 
image micrometer is the beat for measuiing diameters 
of the Sim and planets, and the distauceB apt^ of double 
stars. I believe it was invented by Sir. Q. Airy. 

BBFLEOTING TEIESCOPGS. 

In order to escape from the inoonveniencea of either 
colour dispersion or long aerial telescopes, Newton 
and Gregory and Cassegrain and Eerschel invented 
their several forms of the reflecting telescope, which 
prodaces no colonrs, except in the eye-glass, which 
Huyghene had corrected long before compound object- 
glasses were made. They are still nsed because mir- 
rors or tpeeulmns can be made much lai^er than 
object-glasses in the present state of art; and we 
have seen that the space-penetrating power of a tele- 
scope varies as its diiuneter. I have already compared 
the largest reflector and the largest refractors yet 
made, at p. 363. 

The theory of reflection is much simpler than of re- 
fraction, and is all deduced from this one law of nature, 
that rays are always reflected from any surface at the 
same obliquity as they fall upon it. Consequently an 
object appears aa far behind a flat mirror aa it really is 
in front of it, the apparent distance being determined, 
as the real distance is, by the different view which each 
eye takes, or else by moving one eye (p. 128). There- 
fore you can see your whole body in a mirror half aa 
wide and half as high as yon are. 
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BeBection from cmred surfaces is not so simple as 
from flat ones ; but, as with lenses, it is much simplified 
by the mirrors of telescopes being only small segments 
of large spheres, and by the rays only falling on them 
at a very small obliquity. I had occasion to say at 
p. 317 that the tangent at any point of an ellipse (the 
straight line which coincides with the ellipse there 
for a moment) makes equal angles with the two focal 
distances 8P, HP (p. 319). Consequently by the law 
of reflection rays of light emanating from one focas 
of a prolate spheroidal mirror are all reflected to the 
other. Again, a parabola is only part of an ellipse 
with one focns at an infinite distance from the other 
(p. 302) ; and therefore rays coming from an infinite 
distance, i.e., parallel rays, are all reflected by a para- 
bolic mirror to its focus ; and rays &om a lamp at the 
focus are all reflected parallel to the axis. Moreover it 
may be proved that a parabola for a short distance near 
the apse coincides with a circle whose radios is twice 
the distance BA of the focus from the apse, so nearly 
that if the speculum is 6 feet wide, and SA is 50 feet, 
the spherical surface at the edge (where the error is 
greatest) is only the 8000th of an inch beyond the proper 
parabolic sur&ce. And therefore a spherical mirror 
reflects parallel rays (not far from its axis) to a point 
half way along the radius of curvature, subject to the 
slight deviation of the circle from the parabola, 

The diameter of the least circle of aberration or 
smallest image of a point is the cube of half the width 
of the mirror divided by the square of 4 times the focal 
length, or by the square of the diameter of the sphere 
of which the mirror is a part. So that it is only the 
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l2,8ooth of the width of a mirror whose focal length 
is 10 times its width. Lord Bosse found the means of 
eo polishing the speculum as to temore the spherical 
abenatioD and make the surface parabolic. The 
defining power of these great reflectors has generally 
been considered inferior to that of the best re&actoia. 
But the late improTements, especially in silvered-glass 
specula, seem to be remoying that inferiority. 

Lord Hesse's speculum weighs 4 tons and is supported 
at the back on many points by a complicated system of 
levers to balance the pressure ; and so was Mr. LasseU's 
4 feet speculum ; for an inequality no thicker than s 
thread bends a heavy speculum enough to destroy all 
convergence to a focas. 

All reflecting telescopes have a concave mirror as 
wide as the tube, placed at its lower end, which receives 
the rays from the object and sends them to a focus, and 
forms an image, exactly like an object-glass, only with- 
out colours. Its diameter again = the focal length >c 
the numerical value of the angle representing the appa- 
rent diameter of the object, or its real diameter divided 
by its distance. Thus the image of Jupiter in Lord 
Bosse's telescope is about an 8th of an inch wide ; and 
the spherical aberration or image of each point is spread 
over a 20th of the width or a 400th of the area of the 
whole image, whether it is magnified much or little by 
the eye-glass. You see this is considerably less than the 
chromatic aberration of a lena only a foot wide with 10 
feet focal length, even when it is corrected as much as 
possible (p. 383). A concave mirror, like a convex lens, 
magnifies things if youi eye is near it, but diminishes 
and inverts them If you are far enough off to see the 
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image and not the object in the glasa : a convex mirror, 
like a concave lens, diminishes without inverting. 

There are four ways of dealing with the rays after 
reflection from the great mirror. In Gregory's telescope 
(below) they come to a focus, /, making an image 
there, and then are reflected again by a smaller 
concave mirror G set in the middle of the tube to 
another focus g, which ia also the focus of the eye-glaas, 
passing to it through a hole in the middle of the great 
mirror ; and so the first image is reversed back again 
at the second. In Cassegrain's telescope the second 
mirror is convex, and receives the rays before they 
come to a focus, acting like a concave lens, only send- 
ing the rays backwards, less converging than before, to 
a focus which again coincides with that of the eye-glass. 

This figure will sufficiently explain the course of the 



rays in both these telescopes, especially Cassegrain's. 
The Gregorian rays, after the first reflection as ^ as 
G, are omitted, and the Cassegrainian alone shown. It 
was not worth while to make another picture. PQ is 
the large mirror with a hole in the middle, near whereto 
is the field-glass at 0. G is the email mirror of Gregory 
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and C that of Oassegraia, the focus of the great mirroi 
being between them. The field of view in each is the 
angle which the small miiror snbtenda at O. In this 
pictoie the parallel rays are a single pencil coming 
horn a Tery distant point A below the axis of the 
telescope. Those which are not stopped by the back 
of the small mirror C are reflected to it horn the large 
one, as yon see, except that in each case I hare given 
precedence to reflected rays and out off the incident 
ones for distinctness. They are reflected irom C to 
the field glass O without yet coming to a focus, which 
they do between the field-glass and the eye-glass ; 
and the lenses are so made tliat the pencil of rays 
emerges in a parallel state at B but making the angle 
OEa with the axis ; or the ^pu«nt diameter of an 
object AB (B being as much above the axis as A is 
below it) is dEb, as in the astronomical telescope. 
The magnifying power of both these telescopes will be 
given presently with Newton's. 

The rays come from the concave small mirror G in 
Gregory's telescope in much the same way, only they 
had crossed before reaching it. The small mirror is 
supported by a slight stem from the inside of the 
tube. Cassegrain's tube is therefore evidently the 
shorter of the two. His small mirror ought to be of 
the hyperbolic form and Gregory's parabolic, in order 
to diminish spherical aberration as much as possible, 
but Cassegrain's Has the great advantage that the 
aberration of the small mirror tends to counteract that 
of the large, while Gregory's increases it. 

In Newton's telescope the second mirror is a flat one, 
which makes no difference in the convergence, and 
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also receirefl the rays before they teach a focns, and 
might send them to the eye-glass thtongh a hole in 
the great mirror like those other two telescopes. But 
instead of that, the small mirroi is set obliquely in the 
tube, at an angle of 45° to the axis, and so reflects 
the rays out sideways at right angles to the axis. 
Herschel's telescope dispenses with a second mirror 
altogether ; for the great one is a little askew at the 
bottom of the tnbe and sends the rays to an eye-piece 
fixed just within the edge of the tnbe at the other end. 
This uan only be done in Tery large tubee, where the 
obserrer's htuid in the mouth of the telescope only cuts 
off a comparatively small part of the rays. A New- 
tonian small mirror and eye-piece can easily be applied 
to a Herechelian telescope. 

The action of Newton's telescope is shown in the 
figure on page 396, in which yoa may easily trace the 
pencils of rays from the pointe AB of the object to the 
large mirror OFQ and the small one M, and thence to 
a and h, converging to E the eye at the wide angle oEh. 
The magnifying power of botii Gregory's and Casse- 
grain's may he said to be the aijuture of the focal length 
of the great mirror divided by the prodnct of the focal 
length of the small one and of the eye-glass. The 
minifying power of Newton's and -Herschel's is- the 
same as in the two refracting telescopes, viz., the focal 
length of the great mirroi divided by that of the eye- 
piece. 

Sir J. Herschel expected the Newtonian telescope 
to supersede aU others, now that a method has been 
invented, which Newton himself ^ain ' divined ' as 
possible, of silvering concave glass speculums instead 
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of casting those heavy metal ones which also have to 
be reshaped every time they aie 
polished. It is not the quicksilvered 
back of the glass that reflects, as in 
a looking-glass, bat a thin film of 
silver chemicaUy deposited on the 
front or hollow face, which can be 
repolished, and even renewed when 
necessary, the glass being once for 
all ground to ^e proper spherical 
face. It is said that a good speculum 
of this kind reflects nearly as much 
light as is refracted through an ob- 
ject-glass, while a bell-metal specu- 
lum loses one third of the light. The 
only diflerence between speculums 
and bells is that bells are (or should 
be) made of I3lbs. of copper to 4 
of tin, while speculums are 128 to 
59, for reasons explained in my 
book on Clocks and Bells. It is 
curious that the greater quantity 
of the softer metal tin makes the 
speculum alloy harder and more 
brittle than bell metal, and that 
again is harder than gun metaL 

All the reflecting telescopes but 
Gregory's make an inverted image 
at the focus of the eye-piece ; and 
they all require compound eye- 
pieces like refracting telescopes. 
Newton's has this farther advantage 
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over all other telescx>pe3, that the reflection oat sideways 
may be made to take place through the hollow cross 
axis ou which the telescope is balanced (if the great 
specnlum is not a heavy one) and ao the obserrer may 
sit BtiU in one position and haa neither to look upwards, 
which is fatiguing, nor to mount into a box high in 
the air to look downwards as with Herschel's. Lord 
Basse's telescope ia Newtonian, but the eye-piece is 
near the top of the tube. The small mirror is about 6 
in. wide in the direcdon across the tube, and more the 
other way. The obserrer stands on a gallery. 

Both Gregory's and Cassegrain's telescopes had been 
almost abandoned because of the quantity of light 
which they lose by the second direct reflection. Much 
less was thought to be lost by the oblique reflection in 
Kewton's. But this seems now to be doubted, and it 
was determined to make the great 4-foot reflecting 
telescope for the Melbourne Observatory ou the Casse- 
grainian plan. Another great new one however at the 
Paris Observatory is Newtonian, with a glass-silvered 
mirror. Professor Newcomb says that thus far the 
lai^est reflectors have had no practical advantage over 
reiractors of not half their diameter. 

Helioscope. — There is yet one other kind of tele- 
scope which ought to be described now that obser- . 
vations of the sun's surface have become an important 
part of astronomy. The sun is far too bright to be 
examined through any common telescope ; for though 
it does not increase the apparent brightness, as ex- 
plained at page 362, still it acts as a burning-glass 
concentrating all the light from the object-glass into 
the eye. Consequently it is necessary to reduce the 
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quantity of light Teiy mach, and yet keep the other 
sdyantages of magnification and of gathering a large 
pencil of rays from every point For it does not 
answer to rednoe the light by using a very small 
object-glass or coTering up all of it except a small hole 
in the middle. It is necessary first to gather a large 
bundle of tays, and then as it were to filter them by 
some contrivance which will only let a small part of 
the light come into the eye. The common expedient of 
smoked or colonzed glass will not do either ; for such 
a glass soon gets heated by the rays whioh it atopa 
and is liable to crack ; and a coloured image is im- 
perfect, being one in which tlie other ooloura ore 
absorbed ; and therefore that glass gets heated too. 

The plan generally adopted is to make the rays Ml 
obliquely on one of the wide foces of a thin prism, a 
little before they reach the focns. That is very differ- 
ent from sending them directly into a narrow side of 
a right-angled prism, as in the Newtonian t«lesoope, 
which is intended to refieot them all internally &om 
the wide face. This thin prism reflects a little of the 
rays from its first face by virtue of the property which 
all transparent substances have of refieoting some of 
the light which fails on them while they transmit aU 
the rest. Here about one 30th oi the rays are 
reflected, and^ the rest refracted into and through the 
prism, and sent away as not wanted through the end 
of the telescope, which is left open, while the refieoted 
rays come out sideways into an eye-piece as in 
Newton's. The reasou for using a prism instead of a 
fiat piece of glass is that the intenml reflection from 
the second surface also would interfere with the 
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reflection from the first surface if they were parallel, 
whereas the priBin sends it off in another direction. 

This gathering and filtration of the rays is sometimes 
carried farther, by using a large double concave object- 
glass, unsilTered, as a reflector of some of the rays 
which foil on its first surface, leaving all the rest to 
be dispersed through it into the air behind. The rest of 
the construction is the same as before. But Foucault 
discovered that an object-glass covered outside with a 
thin film of silver or gold burnished bright will reflect 
away the greatest part of the rays, while it is transparent 
enough to transmit some, which are fit for vision and 
examination of the sun, but are slightly coloured blue. 
Probably this helioscope will supersede the others, 
except that it requires a distinct object-glass and 
practically a distinct telescope, while the first only 
requires a prismatic eye-piece to be used instead of 
the common one, which is movable. 

We have yet to consider the different ways of fixing 
telescopes for different kinds of observations. 

Transit circle* — This most important telescope is 
mounted on a cross axis lying east and west, so that 
the tube can only move in the plane of the meridian. 
It is now made so as to combine the work for which 
two telescopes were formerly used, one called a transit 
instruTwnt for observing transits across the meridian, 
and the other called a mv/fal drde because it was set 
against a wall for observing distances itom the equator 
or the pole. The Greenwich transit circle tube and its 
cross axis are of cast iron, instead of brass as usual. 
The pivots of its axis until lately were always set on 
what are called V^t being bearings of that shape ; lor 

C,q,t,=cdbvG00g[C 



400 Mercurial Horizon. 

a pivot cannot be made to lie steady in a seuiiciicalar 
bearing. But at last this rude method of obtaining a 
steady bearing baa been superseded by tbe simple 
device of cutting a wide notch or piece out of the 
bottom of a semicttculat block so that the pirot still 
presses only on the sides, but with a much wider bearing 
than on Vs, which the axis only touches in a line on 
each side and often wears away unevenly. 

Moreover the new componnd of copper and alumi- 
nium, which may well be called cd-hronee (as bronze 
is a softer bell metal), is coming into use for telescope 
bearings, as it is four times as strong as brass. It was 
hoped that it would do instead of silver bauds or circles 
for graduation ; but though it spoils with the air less 
than brass, it is far inferior to silver. It is evidently 
essential to accurate observation that the bearings 
should be not only level, but as firm as possible, and 
they are consequently laid on piers built deep into the 
ground. The instrument is used to observe the transit 
of a star across the meridian, by pointing it to the 
proper height to catch the star, and then looking at it 
as soon as it comes into the field of view, and observing 
the time by the clock when the image of the star 
crosses the middle micrometer wire, or rather all the 
wires in succession. The difference between the times 
of two stars crossing the meridian is the difference of 
their right ascension, after all the necessary corrections 
have been made. 

Again distiances from the zeitith are found by measur- 
ing the angle which the telescope makes with the ver- 
tical when a star on the meridian is seen exactly on the 
wire which is set across the focus horizontally, or at 
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right angles to the transit wire. And that ia done in 
a remarkably neat way, by first looking at the star 
itaelf, and then at its reflection in a basin of mercury 
which forms an artificial horizon : sometimes a plate 
of glass ia laid upon it to stop any tremor of the surface 
and to keep it clean. By the law of refiection (p.390) 
the telescope always maies the same angle with the 
horizon when pointed at the star and its reflection, 
only in one case it is looking upwards and in the other 
downwards. Therefore the altitude of the star, or 90° 
minus the zenith distance, is haU the angle moved 
through by the telescope between the two observations. 
And the declination, or distance of the star :^m the 
equator, or what is more commonly nsed, its north 
polar distance (N.P.D.) is easily got from its zenith 
distance and the colatitade of the observatory (see 
P- 356). 

For this purpose the transit circle has a large wheel 
fixed to one end of its cross a^xis with a graduated rim, 
and the graduations are read off by several micrometers. 
(p. 389) fixed at convenient places on the pier near the 
rim of ^e circle. In the old mural drelea the graduated 
circle is fized on the wall, and the telescope carries an 
index, with micrometers for reading off accurately. 
The telescope need not be so accurately in the meridian 
for observing N.P.D. as for transits; and so setting 
it against a wall as near N. and S. as possible was 
enough without all the precautions which a transit 
instrument requires to set and keep it right. The 
bearings must be exactly level and of the same size, 
and their centres exactly east and west, and the 
pivots which ride in them exactly round and exactly 
2 D 
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alike, and the ctoeg axis exactly at right angles to 
the telescope axis, or the line through the centres of all 
the glasses. These things require constant watching 
and testing, and mathematical formulte hare to lie 
calculated for the necessary corrections. Most of them 
can be tested by lifting the axis over and reversing 
the piTots, and looking through the telescope opposite 
ways ; but for heavy cast iron tubes other methods 
equally accurate are used at GreenwicL These details 
are however bey<md the scope of this book. 

Altazimntli. — ^A. transit or a moral circle being only 
able to move in the meridian can only see stars when 
they come cioBe to the meridian. Bat if the horizontal 
cross axis of the telescope is carried by a frame which 
itself tarns round on a vertical axis, or on a horizontal 
bed, it can be directed anywhere ; and it will measure 
altitudes above the horizon by moving the telescope up 
and down, and azimuths by turning the frame after 
clamping the telescope to it at the required altitude ; 
and so ^t is called an Altazimuth. The level plate 
at the bottom of the frame is graduated, and there 
is a fixed index with micrometers against it to show 
the degrees of azimuth through which you turn it. 

The zaiiih aedor is only another form, or rather a part 
of the same instrument, being a telescope moving only 
over a moderately small graduated arc fixed at the 
zenith for observing stars near it, and therefore taking 
less room for i\a size than a complete altitude instru- 
ment witli its vertical circle of degrees. 

In the BA.8. ' Notices ' of Dec. 1S69, Mr. Carrington 
said that he had adopted in his observatory at Chart 
' Steinheil's principle of making the horizontal axis of 



:,q,t,=cdbvGoOgle 



Thinsit without a Tube. 403 

his principal telescope the effective optical axis,' by 
placing a mirror made of a right-angled prism in front 
of the object glass, so that the telescope need never 
be raised firom the horizontal position ; for the mirror 
formed by the longer side of the prism, when one of 
the short aides is directed square at a star, will reflect 
it horizontally through the axial tnbe. If such a 
telescope is used only as a transit-circle it will always 
lie east and west, with only a motion of rotation round 
the axis of the tnbe for directing the prism to the 
proper altitude ; and that motion is measurable on a 
sufficiently large graduated wheel, in the plane of the 
meridian, which makes a mural circle of it. And again, 
if this horizontal telescope is moimted on a vertical 
axis, so as to revolve in a horizontal plane, it becomes 
an altazimuth, the horizontal motion being in azimuth, 
and the rotation of the tnbe and mirror giving the 
altitude as before. This enables the observer always 
to stand at the same level and look horizontally in the 
natural way. 

EqnatoriaL — If the frame in which a telescope is 
set turns on an axis not vertical, but parallel to the 
earth's axis, that also gives an universal motion ; the 
telescope can be pointed to a star and then clamped 
or screwed fast to the frame, and if the frame is turned 
round from east to west at the same rate that the earth 
turns the opposite way, the star will stay in the tele- 
scope. It is called an Equatorial, because each point 
in it, after the telescope is so clamped, moves parallel 
to the equator. That is the instrument used for gazing 
at the planets or moon, and sweeping the sky for new 
pluiets or comets, besides other purposes independent 
2 D 2 
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of the meridian. Therefore the largest object ghisses 
that can be made perfect are generally nsed for eqaa- 
torials. Heischel's great telescope was set in a fiWe 
which alBO turned azimuthaUy ; and Lord Bosse's 
larger one, though it stands between stone piers, is 
capable of some sideway motion so as to be used equa- 
torially for aboat 20° across the meridian, and can be 
kept pointed to a star for some time by machinery for 
the purpose. Those earlier equatorials, and the Cam- 
bridge one, and other great re&actors, were set sym- 
metrically in their Irames. But the modem fashion is 
to set them on one end of a balanced axis, so that 
they can be turned to every part of the sky without 
obstruction, and the observer can also sit anywhere. 
It used to be said that if he tried to foUow a star in 
certain positions with the Cambridge equatorial he 
must literally lose his head. The new ones however 
are frightful looking machines, as you may see ftom 
the pictures of them in the books I have mentioned. 
The Greenwich transit-circle, the first that was made 
of cast iron, is a very grand and handsome looking 
thing, being quite symmetrical : to which there is no 
objection, as it has only to move in one plane. 

In those heavy reflecting telescopes the speculum 
end of the tube stays on the ground. The lighter ones 
which are mounted equatorially are balanced on their 
middle : and they are often connected with a peculiar 
kind of clock which turns the ixame at the proper rate, 
and so keeps the telescope pointed to the star without 
the observer having anything to do except himself to 
follow it. These clocks do not go by beats of a 
vibrating pendulum, which would be magnified by the 
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telescope into leaps of the star ; but they have either a 
reTolving pendulum, or balls like the ' governor ' of a 
steam-engine, or some equivalent contrivance to make 
the motion continuous* 

Orbit-sweeper. — By interposing one more axis 
between the telescope and the stand which ulti- 
mately carries it, it may be made to revolve when 
properly clamped pointing to a circle in any plane, 
not like an equatorial, which can only revolve (without 
being continnally shifted) pointing to circles parallel 
to the equator, or the other instmments which are 
confined to horizontal or vertical planes. Sir G. Airy 
invented this to be able te follow the orbital motions 
of such bodies as comets from day to day, without 
having continually to shift about the telescope in 
various directions to catch them again, which may take 
a long time. 

Heliostat. — This name is given to an instrument 
for making the sun apparently stand still, by a minor 
kept revolving by a continuous motion clock like those 
just now referred to, so that the sun's rays may remain 
reflected in the same direction. For this purpose the 
mirror must turn only half as fast as the earth, because 
the angle of reflection moves as much as the angle of 
incidence (p. 390). This is used because it ia more 
convenient than turning the whole apparatus, whatever 
it may be, which is used in connection with the solar 
observations for the time. A Siderostat is the same 
kind of instrument for the stars. This method enables 
you to use an object glass of greater focal length than 
would be manageable with a tube moveable as usual. 
* See ' Badimentary TreatiiBe on Clocks, &&,' p, 1% i, Mventh edition. 



4o6 Telescope-driving Clocks. 

The following plan is adopted for recording observa- 
tions at once. Another continuous motion clock 
drivea a barrel covered with paper, turning round 
(aay) once in ten minutes, and at the same time ad- 
Tancing endways, by its pivot being made into a screw, 
so that a pencil fixed against it would draw a spiral line 
ronnd the barrel. When the observer sees his transit he 
touches a pin, which by the common electric telegraph 
machinery makes a pencil strike the barrel and make 
a dot, which marks its own time ; for the time at which 
every point on the barrel comes nnder the pencil is 
defined. The time of every observation, except mere 
gazing at the disc of a planet or moon or comet, is an 
essential part of it, and a clock is a necessary companion 
of almost every telescope. 

There are many other contrivances and adjustments 
for securing aconracy of position, observation, and 
measurement, which cannot be described here. You 
will find most of them in Mr. Chambers's book. And 
yon will have some idea of the accuracy now attained 
from this ; — a good observer can tell when a star crosses 
the wire of his telescope within the tenth of a second 
by the clock, which is always placed bo that he can 
both see and hear it, and count the beats from the 
minute and second which he has looked at just before. 
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Aberration or light, 40, 1B4 

in teleacDpes, jSj, I9I 

AcceUrBting farce, 34 
AcceUraCion of comoti, loB 

planeta, 108 

by«hrink«g«, 117 

moon'* Monlar, 190, rgj, 196 

Achromatio gUocB, 381 
Adams dlacoTered Neptune, 1 j8 

on metoors, 193 

moon'* acceleration, 195, 301 

on effect ofobUteneu, iij 

t™.itofVenn,,377 

Advaace of apsides, 47, 64, l]], 304, 

Aerolitea, 394, 100 

£ther, lnmiaiferoOB, 104, loB 

Air, linrns np meteors, 19J 

colder upwards, jj, 63 

damp atopa heat, 6a 

and light, 90 

density compared with water, 

341 

height of, jj, 387 

— — moon hu none, 13 7 
i planets have, 319 

refraction hj, 4, ij6, 371, 1B6 

reaittanca of, 34 

— ■ Taponr in, 60, 6 3, 1 3 7 

Airy, Sir Q. B., contradicts Heiodo- 

tns, 15J 
discovers imqoality of Earth 

and Venus, 33q 



A i rf. Sir Q. B^ hit OraTltation, 193,130 

on discaTery of Heptane, 33G 

theory of tides, iBj 

tidal retaidadon, 196 

the Hebrew Scriptures, isSi"- 

eclipee of Xeriei, 153 

Jupiter's moana, 3JI 

the long inequality, 130 

lunar disturbances, 19J 

weight of the earth, 33 

of the moon, 1 79 

thinks lunar theory defectire, 

iJJ. "J 

transit of Venus controTeny,i73 

his orbit sweeper, 40J 

doable-imige micrometer, 389 

Alcyone not centra of unirerse, 330 
Algol double star, 34;, 353 
Almanacs, Book of, 160 
Aitazimuth, 401 
Altitude, 14;, 158 
Aluminium bronze, 400 
Anglei, how measured, B, 87, 171 
Angular Telocity, 191, 331, 317 

of the planets, 343 

Annosl equation, moon's, 194 
Annulat eclipse, 1I9, ijo 
Anomalistic year, 48 

month, 133 

Anomaly, mean and true, 48 
Antarctic cold and heat, 49 

expeditions, 374 

Antipodes, 14 

Aphelion, 318; winter at, ji 
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Apogee, 133, 150 ; attrticUan at, 105 

looon'i Telocity at, i;o 

Apparent aiie, 119 : see pUneti 

motion, of rtirs, 341 

period" of planets, II4 

Apaidea, mooa'a, 13J, 104, 154 

earth'a, 48, 64, 306 

Jupiter's TOOona', recede, JJJ 

Arabian namei, 3JI, ]J7 
Ardumedea, 38 
Area and anglea, B 
Arctic eirclfli, 59 ; cold, 60 
Area of circle and aphere , 19 

ellipse, J4, iSB 

a liuie, 139 

coDaerratioD of, Jii 

Areal Telocity, 3;] 
Aries T, and ita matioo, 6j 
Ariatarchns, 39, 361 
Arithmetical progreaaion, 114, 197 
AacenuoD, right, ];5 
Aateroidi, 113 
Aatigmatinni, 38; 
Afltrology, 153, 3I4 
Astronomical teleacopa, 3 74 
AitroDomy, plane and phjaical, 16 
Aaymptotea, 303 
Atmosphere. Set Air. 
of sun, 91, 95 



AciraccioQ, see Qravit; 

differential, 71, 171, iqj 

Dfipfaert,}, 31 

apheroid, 11, 353 

plate and ring, 3J4 

abaolnte measure of, 335 

mutual, 34 

Attwood's machine, 33; 
Aurora borealia, 91, 100 
Alia major, 46 
period depends on. 
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Alia major of earth's orbit, doea not 
vary, 54 

DUDDr,46, ;4;tncreaaea,5C), 193 

heat depends on, 54 

polar, length of, 5, 174 

inclination, 48 

moon'a, IJ8, 134; aun'a, 89 

of moan's illumination, 140 

Azimath, 357 

of son and moon-riie, 87 

Bailt's beads, 15J ; weighed earth, 18 

Bacon, Friar, Roger, 163 n., 3J9 

Balance, moat aensitiTe, 3 1, spring, 4] 

Bear, Great, 341 

Bell-metal ipecnlum, 39G 

Bells, lonnd of, 341 

Bible and science, i 

Biela's comet, 3 10 

Billion, Bo, J35, 333 

Black drop in transit of Venus, 171 

Blair's achromatic lena, 383 

BlnenesB of aky, 390 

Bode'a law, 341, 341, 3J i 

Bond, Mr., 35a 

Bore, or eager, of tide, 181 

Boaanqnet on old eclipse, 154 

Bradley on aberration, tS4 

Brightness of stare, 34J 

in teleicopes, 378 

of a globe, 93 

Brougham, Lord, 103 
Bulk or Tolnme, 19, 79, 83 
Calendar, 161 to 170 

Cannon ball velocity, 106 
Carrington's transit instrument, 40J 
Caaaegcain's telescope, 393 
Carendish eiperiment, 38 
Celeatial globe, 67; 35 3 

— laUtnde, 364 

- longitode, 63, ilB 
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Centre of gravity of moon, IJ5 
earth and moon, 135, 131, afij, 

Centiifugal force, 11, 398, }I5 

Centripetal foice, 319 
Ouddean astroDomy, 1, 11;, l]} 

cycle of sclipsea, i j 7 

Challis, PiofeBsor, 339, 331, }Ji 
Cbamb«rs'a astronomy, 361, 406 
Chronometora for longitude, 158 
Circle, a kind of ellipae, }ol 

a conic section, joi 

-—area of, 19, 1 98 

■ circumference and diameter, 5 

degrees of, 7 

of cnrratnre, 316 

perepectivo of, 46, jor 

transit, 401 

Circnlar orbita, law of^ 305, J 1 7 
Circnmferenee of earth, 4 

of ellipse, 7 

ClaTine reformed calendar, 161 

proposed a filed Easter, 166 

Climates, chsoge of, 50 
Clocks, Celescopo-diiTing, 404 

time of, 7 7 

Coal repreBenla snn's heat, 101 

Colatitade, 144, 145 
Cold increases upwards, 5 3, 61 
-of glacial ages,; r 
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of space, or tme lero, j I 

of frigid zones, 60 

Colonra of light, 107 

in telescopes, 380 

Comet*, 306 tojii 

Encke'B alone retarded, lOB 

connected with meteors, 293 



Conic sections, }oo 
Conical projection maps, 17 
Conjugate foci of lenses, 370 
Conjunction of planets, no, 365 

inferior, 344, 364 

Conservation of areas, 311 

of force, 35, loi 

ConsteUations, G}, 351 
Continents, size of, 18 
Copernicns, 36, llG 
Corona, snn's, 97 
Correlation of forces, loi 
Crawford, Earl, P.R.A.S., 90 
Creation, 118 
Crescent moon, 131, 139, 141 

Critical angle, 368 

CroU, Dr., 50,56, 197 

Crook es, Mr., 107 

Cuba of distance, 85, 173, 399, }M 

of diameter, 19, 85 

Cubes and squares, 33 
Currents of sea, 55, 66 
Cnrvature, radius of, 316 
Cycles ofmoon, t, 157 
Cycloid, 134 
Cylinder, 3QI 

Day has not shorteDed, 117 

but lengthened, 190, 31J 

very constant, 117 

and night, 5 9 

sidereal and solar, 75, 77 

Innar, 143 

of week, 315 

■ how to find, 167 

Decimals and fractions, 86 
I»ecliaation, 88, 355 
Degrees and minutes, 7 
Delaunay on tides, &c., 1 95 
Delisle, transit of Venos, 171 
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D« HoTgan, 134, 161 
Deniit; of MUth, j] 
"it. 51. 'W. '99 



Dkmeter of earth, j 

sun and plaueU altered, Bj, i5o 

of aach, tMtbam 

aj^iareiit, 119 

Dichotomf of moon, 361 
Diftenntial calcnliu, }i; 

foico, 71, 171, 193 

IMSiuioii of light, 97, 146 
Dimensioiu of solar ajslom, 83, 160 
Dip of horizon, 3j6 
Diso of aTui, 119, 117, 118 
moon, 119, 113, 141 

- i earth, no, 141 

— — Bpnriona of itare, jiB 
Diaperaion of light, 146, 34I, j8o 
Distance ia isckaned trom centna, 31 
ropnsenta force, 15 

— and time, law of, 317 

Bode'a law of, 141 

mean, 7, 46 

proportionate, 8j, 361 

varies aa diameter, 85 

Distorbances of moon, 191 to 11; 

depend on length of year, 100 

of earth by moon, 119, 161 

Jupiter's moons, iji 

—~- Jnpiter and Satnm, 130 

earth and Venoi, 330 

Urania, 13 7 

cometa, 309 

Dollond's achromatic glaaaes, j8l 
Donati'a comet, 158 
Donble stars, 343 
Draper on eon, 97 



Earth, abaolnte mass of, jij 
aiia leans, 48, j 7 

■ centrifngnl force of^ 4], }i6 

■ contents or bulk of, 19 
' density, 31 

diameter, 5 

- displaced by moon, 1 19 

- distance &om aau, 41, 79 

how found, l;8, 383 

-effect of ihrinl' 

- elUptlcity, 7 



reoeiTed by, iro 

— inclination of axis, 48 

— ita TMiation, 56, 74 

— internal state, 34 

— Is the moon's moon, 130 

— meunring of, 4 

— moTas eastward, }6 

— morei the bbh, 14 

— motion in ipaee, 341 

— nearest sun in winter, 47 

— old ideas abont, i 

orbit elliptical, 44 

of which apses rerolve, 47, 

64. IJJ 

eccentricity of, 50, 193 

effects thereof, 51 

seen from stars, 185 

rate of felling to sun, 106 
' reduced to rest,' 14, 130 
revolution round son, 38 

how far constant, 75, I14 

how proved, 40, aSj 

rotation eastward, 36, tjl 
— proo6 of, 37 
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Earth, Totition laUrded bf tide, 189 

velocitj at equator, 41 

™Ti™of,Jl4 

Terj coMtant, 114, Jij 

aailiug ronod, 1 

liiape, how found, 3, j , 



-' spheroidicitj', 1 



l»£9 



wof 



67 



its effect on mooD, 155 

inu-light ncnvad, tio 

tidal (otce DD nkooo, 1 75 

velocity in orbit, 43 

in apKt, J 13 

weighing of, 16 to jj, )i; 

Earthshioe on iniwii, 141, 151 
Easter moon, ij^, 164 

table for finding, 169 

proposed to follow Ban, 166 

cold weather, 164 

Eccentridtf of ellipHs, 45 

of earth'a orbit, 47 

daoreaiwsiliow, 19J 

effect thereof, Ji, 193 

moon's orbit, 130 

Its Tariation, 30& 

planets' orblta. Bee them. 

stability of; J3I 

£clipses, 146 to 157 

annular, 119, 150 

Chaldiean cycle, 1 

how many a year, 14S 

solar, 119, 149 

image of sun in, j 73 

pofilUe length of, ij I 

lunar, 145, 147 

of Jnpltsr's moDDs, ijG 

longitude found by, 356 

proTe earth round, 1 

celebrattd old onis, 151, 197 

sphere of aama weight, 335 



Ecliptic, 48 

disturbed by planets, 7s 

. . on globes, 14J, 147 

plane of eclipsoa, 147 

obliquity ofi 4B ; varies, 56, 75 

poles 0^ 61, 89 

Effects E>ehind causes, 61, iBo 
Egyptian astronomy, 3, 115 
Electricity, speed of, 106 

obserrationa recorded^y ,'406 

Ellipse, 44 ; area of, 54, i8g 

a conio section, 30a 

force in centra, 13J, 350 

in focns, 46, 318 

<instantaueon>,' loB 

length of, 7 

orbit of all planets, 47, 317 

velocitr in, 150, 305,^316 

perspective circle, 46, jo, 301 

revolving, 47, 131, 104 

tangent to, J19 

Elliptic motion eiplained,'jl9 

discovered by Kepler, 311 

time same as in circle, 317 

Elliptical eiceas, 109 
Elliptidty, j, 19, 45, 67, 355 
Elongation of planets, 36I 
Emanations, law of^ lO 
Empirical rules, 341 
Encke's comet, 104 
Enei^ ' self-contained,' ii8 
Epact of moon, 141, 160, n. 
Epicycles, 36, 104 
EqaatioD, moon's annual, 194 
of centre, 4S 



-ofti: 
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tor, length 0^ 4. W 
celestial, 63, 364 
inclinstioD to ecliptic, 57, ^ 

loss of gravity at, 4J 

velocity at, 41, 176 
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Equator, mooD'o, 134; ann'i, 89 

Equ&torial telescope, 403 

— — diameter, 5 

Eqnidiitant projection mspe, 15 

Eqninoctial potnti, 63 

- recede, 64, 67, J09 

or tropical year, 6 7 

EqninoiM, 48, 59 

preccMion of, 66, J09 

Eipansion of fiaidi, iii 
Eiterior planets, 114, 344 
Eye-piece 'erecting,' 388 

Huyghens'a negatire, 3H7 

Rarasden's positire, 3 88 

Eye*, how they measure distance, 
137, liB 

how light affects them, 366 

an optical instrnment, 338 

Faculs, 91 

Faraday's mistake on gravity, 15 

Keldofview, 377; field-glass, 387 

Financial panics and sanipots, 90 

Finder in telescopea, 378 

Fisher'a ' Physios of Earth," 34, 74 

Flint glass, 381 

Focal length, 370 

Focns of ellipse, 4S, 391 

parabola, 391 

— ^ sun in earth's, 46 

of all conic sections, 30+ 

of telescopes, 391 

Force, absolnte of snn and earth, 31; 

accelerating, 14, 319 

centrifngal, 315,315 

centripetal, Jl6 

composition of, 313 

diflTerential, 171-1 

eqniralent of heat, loi 



Force, how measured, 314 

impressed, 117 

moving, J14 

mnst have been created, 101 

radial and tangential, iS5,30t 

repalmva in snn, 98 

resolution of, 313,318 

of rotation, 117 

varying as distance, 350 

as inverse suHare, 33, 330 

i76>i99. 3SO 



cault's 



hi! 



Fractions and decimals, 86 

sqnares and cohea of, JJ 

Frannhofer's lines, 91, 96, 311 

Freeiing of water, in 

Friction of air bnms meteors, 393 

'., 196 



34» 



■oflun 



tether, 



Jupiter's moons, 333, 349 

' phases of YenKs, -Jlo 

— telescope, 33J, 349, 377 
Galle, Dr., sees Neptune, 340 
Geocentric and heliocentric, 364, 356 
Gibbons moon, 139 ; planets, 110 
Oladal periods, 49 
Glaciers, heat required for, 55 
aiobe, celestial, 67, 353 

ecliptic on, arbitrary, 143 

terrestrial, 59 

disc of, 141 

elevation of, 88, 143 

Gnomonic maps, 13 
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Granite, weight of, 1 14 
Qravitj, J, ao, J 14 

hav raeunred, 183, 314 

on lan'i snrjkce, B] 

on planets, tet them 

effect on pendulums, 39, 334 

on tides, wc them 

iocreasea down mines, 31 

law of, 10 to i6, 350 

loaa at equator, 43 

speeifie, how found, 8) 

an odd theory of, 117 

Gnat Bear, inrerted in winter, 351 
Greenwich time, 356 

our meridian, J56 

Gregory, James, on transits, ]6E> 

telescope, 393 

XIII. on calendar, 161, 163, 166 

QroTe, Sir W., 15, loi, 383 
Groves in the Bible, 116 
Gulf ettesm, 53, 66 
Gyroscope, 37 

Half-xoon, 177, 361 
Hall, Aiaph, 113 

Halley on transit of Venos, 366 

comet, 308 

Hansen, Prof., Bj, 19J, 104, 111 
Harkness, sun's distance, 381 
Harrison's chronometers, ]{8 
Harrest moon, 143 
Heat, annual quantity, 54 

conduction of, 113 

connection with light, 106 

increases downwards, 11, 74 

decreases upwards, 60 

depends on minor ana, 54 

and area of orbit, 54 

eipands nebnl», 199, 350 

comets, 3 n 

iuTisihle rays, 107 



Heat is force, 101 

and vibration, iiS 

latent and specific, tio 



moon's, 13; 

of sea, S3 
of space, j r 

of atara, J47 

sun's, received here, 110 
Heliocentric longitude, 164, 3;5 



Helioi 



r, 390 



Helioscope, 398 
Heltostat, 405 
Hemisphere in maps too nsatl, ti 

containing most land, 18 

former cold of this, j i 

Herodotus, 153, lij 

Herschel's (Sir J.) Astronomy, 84 

Familiar lectures, 6, 380 

change of seasons, ji 

heat of space, 51 

metre a bad meatnrc, 6 

milky way, J38 

moon's mass, 179 

disturbances, 193 

sun's heat, 109 

reform of calendar not best, iG] 

star magnitudes, 337 

ondulatory theory, [03 

Herscbel, Sir W., found UranoB, 334 

on Saturn's ring, 146 

son spots, 89 

light and heat, 107 

telescope, 395 

Hind, Mr., P.R.A.S., on old eclipses, 

153 
Hipparchus, 69, I14, 117, 161 
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Horizon, dip of, Jib 

wooden, 554 

refraction near, 4, 1S8 

why son appears Urger on, S89 

HaniB of moon, 140 
HoiTocka, 11, 166 
Eonr cirde, 88, ]J4 
Huggins, I^., 97, 311, 341 
Hnyghena, 360, 387 
Hyperbola, 303 

Ice, treasniy of cold, j 1 

li«at required to melt, Itl 

Images in teleacopes, 371 
Inclination defined, 114 

of equator to eoliptic, 56 

its variations, ;G 

eflect on climate, 56 

of moon's orbit, 134 

equator, 1 34 

planets, 114, see eacli of them 

stability of, 331 

Inequalities of moon, 193 to 113 

Eartli and Venus, no 

Jupiter and Saturn, ijo 

Jnpiter'a moons, 151 

moan's parallactic, 103 

Inertia, law of, 3] 

moment of, 117, 396, 314, J49 

Infinities, tbtIoos, 303 
Instantaneous ellipse, loB 
Interior planets, 114, 34J 
InadiatioD, in 
Isographic maps, 13, 16 
Isometrical perapectiTe, 13 

JiNBEK iorented telescopes, 3G0 



Julian ;r**'< '^'i '^' 
Jupiter, 31S 

dlstnrbs sarth, ;8 

long Inequalltj, 130 

mao, 84,330 

Batellit«i, 333 

their distarbances, ijl 

spheroidicity, 336 

a minor sun, 137 

KEPLBR'a laws, 317, 311 

telescope, 360 

on gravitation, 1 1 

Kirchhoffand Stokes, 9] 
Knot or nautical mile, 9 

LiOGtHS of the tide, 178 

Land and water on glob^ 19 

Laplace, I9J, 196 

Lassell, 150,391 

Latitude, terrestrial, j, 9, 3;B 

celestial, 164 

geocentric and heliocentric, 364 

Iaws of motion, N'enton's, 33] 

Bode'a, of distances, 341 

Kepler's, J3i 

gravity, 30 to 36 

' Satore, Origin of,' 16, iiB, 300 

reflection, 390 

refraction, 366 

stability of orbits, 331 

time and distance, J17 

Lead, specific gravity, 30 

heat, III 

Leap year, 161, 168 
I*"^^ '07.369.571 

compoond achromatic, ]8l 

'crossed,' 385 

meniscus, J71 

Le Verrier, jc, I95tl]9 
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Lewis, Sir G. C, t 
I^iatl's comet, 309 
Libra, 6j 

LibratiDiu of moon, 117 
Light, nature of, 44, loj 

aberr&tioD, 40, 184 

inviiible raja, 107 

is iuviaible by itself, 9S 

■ mechanical «3ect, 107 

of moon, Tj8 

Bomo itors, J46 

of planets, ace them 

aun, 9J, roj 

polarized, 10;, 190 

' Ste refraction and reSectiun 

Toiodty, Bj, 106 

— — lioir discovered, IJ5 

vihratioM, 106 

wastes in coming from stars, }}6 

zodiacal, 100 

and sec telescopes 

Local time, i;6 

Lockyer on sun's corona, 97 

identity of elementa, 94 

London near middle of world, iS 

tide at, iBo 

total eclipses at, iji 

Longitude terrestrial, to 

modes of finding, ij 5 

celesUal, 6j 

heliocentric, 164, JJJ 

Lnnar distances, ij 7 

day, 14J ; month, I3J, 141 

year, 143 ; equation, 161 

theory defective, ijj, jij 

Tolcanoee, id 

and see moon 

Lunation, length of, 141 

has diminished, 194 

shortest in suminer, 141 

Luoe, areso^ 119 



McCaul, Ds, 4j 
Uagellatlic clonds, 151 

Magnifying glass, J71 

power, 36j, J76 

Magnitudes of stora, 337 

Maps, II to 18 

Mars, 331 ; his mooos, 3i; 

parallBi, and how used, 8;, 160 

Mass, what, 11 

absolute of earth and san, 33J 

moon, 179; sun, 81 

how fbund, 31s 

sun and planets altered, 85, 304 

planets, sm each 

Jupiter and Satam'i moons, 15 r 

.some stars, 347 

Mai well on Saturn's ring, 343 
Mean distance, 7, 46 
— not average, 193 

Measuring the earth, 4 

moon's distance, 131 

son's, 360 to 1B3 

proportionate distances, S3, 3G1 

Meniscus lens, 371 
Mereator's projection, 16 
Mercnrial horizon, 400 
Metcnr; (metal), tii 

planet, 317 

transits of, )8j 

Meridians, j, 7, 9, 356 
— — on glohe, 88 , 

in maps, 11 

Metals in son and stan, 96, J4j 

meteors, 193 

Meteoric dust, 395 

theory of heat, 1 13 

of universe, 199 

Meteors, 99, 390 to 395 
Metonie cycle, ij8 
Metre a bad measnte, 6 
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Hiccometers, }89 

Mile, nsnticil, etc, 9 

Milky Way, 138 

Hillion and milliard, Bo 

UiD« eiperimente, }l 

Uirror or speculum, J 90 

Moment of iDertia, 117, J14, J49 

Momentom, 195, sad moripg force, 

314 
Mentha, Tuious, 133, i]4, 100 
Moon, 119 to 114 

acceleration, secular, 19] 

air and nater, none, ill, l}6 

— advance of apses, IJ3, 104 

anoroaliatic month, ijj 

BDomalj mean and true, 48, 194 

annnal equation, 194 

apparent and real aize, 119 

aiia leans, liS, 134 

centra of gravity, 135 

of earth and moon, uj, 

crescent aod gibbons, 139 



— cycles of, 1 



IS7 



density and diameter, no 

differential force of, 171, 171 

of earth on, 174 

of sun on, 198 

disc, Tariation of, 1 31 

distance, 1 10 

how found, 359, l6t 

compared with son's, Ho, 

176, 198 

disturbances, 192, 313 

disturbing forces measured, 198 

earthshlne on, 141 

eccentricity of orbit, no 

evectioQ, result thereof, 3 08 

eclipses of, 146 

equator, how placed, 134, 155 



Moon, gravity on, 1 7} 

greatest altitude, 145 

harvest, 143 

beat and cold on, 137 

horns; illuminalion, 140 

inclination of aiis to orbit, 13} 

instantaoeous orbit, 108 

keeps same face to as, 113 

librations, 117 

light, 138 ; in winter, 144 

longitude found by, 15 7 

looks larger on horizon, 3BB 

really smaller, 189 

massof, 179, 139 

how found, 73, 179, 3»9 

mean distance, no, 131 

moves eastward, 156, 190 

her own width in an tour, 

or 1" in 3 seconds, 155, 197 
new and full, 139 



nodes, 134, 147 

recede, 74, 30B 

nodical moDtb, 134 

nutation caused by, 73 

octants, 1B5 

' on her back,' 140 

orbit, shape of, 131 

parallai, 131, 359 

parallactic inequality, 303 

paschal, 168 

perigee and apogee, I3i 
velodty at, 151 

periods, 141 
increased by 

syoodical, 141, 148 

sidereal, 141 

its relation to year, 

phssea, 13B 

precession caused by, 7T 
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tioon, propoitioD to mn uiil earth, I3 

refragtion'a effect ob, 388 

retarded by tides, 190, 195 

■ risea later dttilj, 14} 

rotation of, uj 

eeculai acceleiation, 19] 

ilmpe, IJ+ 

specific grarity, no 

slereoicopic viewa, IJ4 

Bjfnodical periods, 141, 148, 150 

telescopic yitw, uj 

■ termiuatflr, 1^9, ]6r 

tides caused bj, tee them. 

tidal force of earth on, 1 7; 



- Tolcai 



1, llj 



waiing and waning, 

weighed, how, 7j, 179, Jjg 

Motion, laws of, 118 

force of, or vis Tim, 196, 514 

in Bolat afstem all eastward, ;6 

eicept Uranai and Neptaiu' 

mooTU, 3J5, 141 

requires force, 117 

Moving force, 3 14 
Mural circle, 537 

Nadik, jji 

Nasmyth, aui 

Nebnltt, 148 

Nebnlar theory of nnirerse, 196 

Neptune, discovery of, i}6 

- — - aatellite, 141 

does not follow Bode's lair, 341 

Newcomb's Astronomy, 11;, 19], 3^9 

Newton born and died, i t 

achtomatisD], mistake on, 3S1 



1, 94, 161 



Newton,' oalcubted earth's shape, 11 

moon's, Ij6 

and weight, 1 79 

colours of spectrum, 107 

his comet, 308 

gravity, proved law of, 40 

invented difierential and into 

gral calculus, ji8 

sextant, 3J7 

his telescope, 396 

light, roislaka on, 103 

l'rincipi.,193, 3U 

proved earth's rotation, 36 

tidal theory, 170 

Nice, Councilor, 159 
Night at tho poles, 39 
Nodes, recessian of, 134, 147, 3'>8 

sidereal period of moon's, 134, 

147, 209 

Bjnodical period, 148 

- — - of meteoric orbit, 393 

Venus, 164 

Nodical month, moon's, 134 

formal, 9 

Nutation, 71; of Siriofl, 345 

Object glasses, 385, largest, 363 

achromatic, 381 

Oblate spheroid, 6 

attraction of, 43, 253, 35° 

Obliquity of ecliptic, 5 7 

changes, 75 

Oconltation, 137 
Octants of moon, 185, 189 
Olbers' theory of asteroids, 114 
Old and new style, 161 
Opposition of Mars, »] 
Orhita, 132,318,320 

velocity in, 305 

Orrery, 358 
Orthographic maps, 13 
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OidllBtion, ippareDt, iGi, iS; 
Oijgm in fun, 97 

PAXABOU, ]03 

aom< cometa more in, J07 

P(U«balic minor, j^i 
ParallBctic ineqtulitf, loj 
PMsllai, 3J9, i8j 

mn'e. B6 

waji of finding, 360 to iBj 

■ of Vanm Bud H*n^ 160 

of (tara, JJ4 

PanllaU of latitude, 5 
I^sibil moon, 161 
Pracila of raji, J64 
PeDdnlam, timo of^ 19, }i, }14 

UTth ncigbed bj, 19 

rotation proved by, 37 

gnwity accelentet, 39 

loaea at equator, 4J 

rerolTing, ij], Jil 

toriion, 19 

Perigee, io{, tjo; attraction at, 105 

adTaueej, loj 

Telocitj at, i jo 

Paiihetiou advaucea, 48 

ofM»r>,Ma 

Telocitj at, J re 

heat of comet* at, 308 

winter at, 51 

Perioda, tee moon and, planeta 

• in ellipse, same as in drcle, 8, 

3'7. 3*3 

relation to angular Telocity, 317 

aynodioal, 141, ijo, 165 

Perpend icnlar, what, 8 
Perspective, 14, 47, 303 
Phasea of moon, ;3G 

Tenna and Mars (lee tbem) 

Fbotogrspha of transits, 369 



Photoiphere of aon, 94 
PhfiiaJ aatrononiT, iG 
' Phjsica of the Earth,' ]4, 74 

Planetary motion, law* at, 313 

Dsbula, 349 

Planeta, 114 to 14; 

all move eaatvaid, 36, 14;, 199 

apparent periods, 114 

distaDces bow fcand, 361 

diatnrb earth's orbit, j8 

and each other and aon, 14 

bnbitubility, 339 

■ masaei, how faand, 330 

elongation, 161 

heathen worship of, 3i; 

interior and eitarior, 314 

laws of their motion, 117, 311 

of time and distance, 317 

reflect light, 319- 

and atmospheres refract it, 1 1 9 

retrograde and atationary, 343 

ahare of ann's light, 1 10 

Pleiades, 344 
Plnmb line, 4, 10 
Polar aiis, 6 

distance, 358, 336 

FolsriaBtioD of light, loj, 390, )ti 
Poles of eartb and equator, 4, 49 

ecliptic, 6 r 

Pole star, 353 

changes, 68 

Precession of eqninoxea, 67 to 7; 
Pressure inside earth, 34 
Prime vertical, BB, 557 
Printing, note on, 331 
Prism produces colonrs, 107 

reflecting, 36B, 398 

Pritchard on lenses, 386 

Proctor on Chaldean astronomy, 158 

great pyramid, 69 
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Proctor on JapiUr, litt 

maps, 19 

- — — meteoric theory, 395, 398 

meteors, 193 

milky waj, 3j8 

moon, 193, 361 

"Phjsioal Geography,' ij 

Saturn, jjj 

Man, 331 

8tacB, JJ9 

— snn, 98, US 

it* atmosphere, 95 

coroni, 98 

— ^spoti,90 

transit of Veniu, 165, 175 

Procyon, 546 

Projectioos of apfaere, ttf Map* 

Prolate spheroid, 7 

formed by tides, 174 

mass of one, 19, 174 

moon is, ijs 



"36,1 



Ptoleir 

Pyramid, the great, 69 

Pythagoras, j8 

QUADBATCRES of mOOn, I}-. 

Quicksands, 181 
Radial force, 3di 
Radius of curvature, 516 

vector, 106, ]|6, 319 

Railway train, foi 

iurin,67 

Reciprooals, 143 
Eamsden's eye-piece, 388 
Kanyard, A. C, 91, 154, 39; 
Recording barrel, 406 
Reducing earth to rest, 14, ijo 
Reflecting telescopes, J 65, 390 
— — - prism, 368, 398 
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Reflection, internal, ]G8, 398 

law of, J 90 

by moon and planets, rj8, 319^ 

"1 
Refraction, lair of, 387, 366 
by air spoils observations, 4, IJ 9f 

J71, 185 

Resistance accelerates planets, 104 
Resisting medinm, 104 
Resolntion of force, ]i8 
Retardation by tide, 189 
RetrogradBtioD of planets, 14J 
Revolution, tee Earth, Sk. 
Revolving ellipse, 133, 104 
Right ascension, 3(5 
Ring, attraction of, 154 

Saturn's, 34J 

ROmer on light velocity, 156 
Roase, Lord's, telescope, 393, 404 

moon's heat, ij8 

Rotation defined, 114 

moon's, 1:3 

earth's eastvratd, 36, 75, 

187, 191, 369 

accelerated, I17 

retarded, 189 

velocity of, 11 

moment of inertia, 349 

planets', j6 

times of, s*b them 

Ban'si,a9; DrnebulK,3{o 

via viva of, 314 

Roundness of earth proved, 1 

Sailimq roand earth, 41 
Satamis, battle o^ 151 
Saroa of eclipses, IJ7 
Satellitea of Jupiter, ijl, 356 
— — ■ Satnm, Jjo 
(Jranns and Xeptuna, ij t 
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Sitellltci keep ume face to ptimarj, 

Satom, 119 

hii moona, 149 

long iuequalilT', ijo 

Proctor on, ijj 

Schelullieii eiperimen' 
S«a,heit of^ Jj 
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JiJ 



Sextant, 357 
Shooting stars, see me 
Sidereal time, 7; 
month, 141 

daj, J5 

len^hened, 190 

— year, 68 

Sideroatat, 40J 
Signi of zodiac, fij, ]jj. 
Siemens, Dr., iij 
Siriu., 15 J 

weight and brightnesa, 345 

Sky, bine, igo 
Slack water, iSl 
Stnj^h, Admirat, J44 

PUiii, 69, 100 

Solar ajBtem, generation of, 196 

deniitj of original oebiila, 199 

motian in space, 141 

new dimensions, Bj 

posaible end and origin, ro8 

tide, 177 

— time, 75 

eclipsee, 119,149 

Solstices, 63, 180 
Solstitial colnre, J57 
Soacd and light, loG 
Sound, Telocity oii Bo, 106 



Sonth hemiapbere, Beastina, 49 
Space, cold of, ; i 
Space-penetrating power, 361 
Specific graritj-, 81 

heat, iir 

■ of Bnn and planets, 81 (and 

lee them) 
Spectacles, J 7J 

Speatroscopj, 91, ju, 341, 348 
Spectrum of colours, 107, 380, 382 
Specnlnm, jqo 
Sphere, attraetiona of, ji 

Tolnme and aurftoe, 19 

of stars or nebnls, 350 

Spherical aberration, J91 
Spheroids, oblate and prolate, 7 






ai, 19, 174 



>. 43. '54 



Spheroidicitf, effect! of, 154 
of earth, 11, 43, 354 

— ii.„,..j 

Japiter, 154 

Spiral orbits poasible, 310 
Spots on sun, B9 

Squares and cubes, fractional, J5 
Stability of solar syatcm, 331 
Stars, aberration of, 1B4 

distance of nearest, 333 

- — — double and coloured, 343 

elementa in, 34; 

heat, 347 

I'g'i'. JJ5 i wastes, 3J& 

magnitudes, 335, 337 
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»i 354, J40, 345 

— number visible, 336 

- parallai, 333 

— seen without telescope, 336 

- apectmrn analysis, 345 

— time of light from, 333 

- used oa filed points, 157 
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Stan, vuiable, }44 
Steam, eipuuioD oi^ lil 
Stereogiapbic mapi, 14, 50; 
Stereoscopes of moon, 117, 1 34 
Stakes and KirchhofT, 9] 
Stone, E. J., 179 
Stjle, old and neir, 161 
Sammer and winter, cause of, 48 

hotter in south hemisphere, 49 

longer thao winter here, 54 

tvfo in torrid zoae, 6» 

San, 7S to 118 

apparent diameter, 79 

to each planet, tea them 

altitude and azimuth, 87 

atmosphere, 91 

attraction on moon uceedi 

earth's, 10a 

corona, 97 

density, 81 

diameter, 78, llS 

diic, 119, 117 

diaturba moon, 19J-IIJ 

distance, 41, 79, iB} 

some meomres of, 80 

modes of finding, 6}, 161 

— compared with moon's, 110 



I, its relation to year, ija 

- meteoric theory, iij 

- motion in spac«, 141 

- moved by earth, !■ 



it In' 



r,47 



^%1 



— oiyg™ IB 

— paralUi, i6j 
how found, 159 to 18 

— photosphere, 94 

— precession caused by, 71 

— proportion to earth and n 



J'. 



179, 198 

eclipse* of, 

gravity on, 



83 



h 149 



its msiatenance, 109 

received by earth, iio 

measure of, 109 

from earth striking it, i< 

- incLnation of aiis, 89 

- light, ioj,i3B 
diffusion of, J46 

- looks larger on horizon, 1B8 

- mass, 81 ; absolute, }15 
bow fonnd, ) ij 



tel^action's effect on, 18B 

repulsive force in, 115 

rotation, B9, 81 

. specific gravity, Bi 

spectroscopy of, 9} 

spots, 89 

tidal force certain, rflo 

tides doe to, 177 

weighing of, J15 

— — weight in moons, 176, 179 

' willow leaves ' on, 94 

year depends on, Jlj 

is quite round, 81 

is a small star, 347 

Sunrise, variations of uimuth, S 7 
Sunday letter, to find, 167 
Superior planets, 114, 145 
Surface of a sphere, 19 

a spheroid, 19 

a lune, 119 
Synodical periods, 141, 165 
Syiygy of moon, 174, 178, 193. *''7 

TANOBtrtUL POBCE, iSj, lOI, 3I9 

Tanrus, equinox was once in, 63 
■copes, 359 to 406 
-, achromatic, jSj 



^:,.,Goog[c 



422 

Telescopes, aerial, 3B) 

utTonomical, 361, J65, 374 

binocnlar, not used fot stars, 36 

Cssiegrain's, 393 

- — — Galileo's, 360 

Gregory's, jgj 

Herschel'a, jgj 

Kepler's, aee sstronomical 

Nevrton'a, 396 

■ — — Roue's, 348, 36s, 391 

field of riew, 377 

im^es in, 371 

inrented, 359 

loss of light In, J6i 

reduce brightness, 3 78 

— — roigniffiog power, 361, 363 

modes of niountin j, 399 

reflecting, 390 

refracting, see aatronomical 

spHie-penetration, 3 S i 

speculum, 390 

ipborioal aberration, 391 

Terminator of moon, 136, 361 
Tholes, 1 
Tides, 170 to 19J 

Newton's statical theory, 170 

Young's wave theory, 181 

new proof of; 1B7 

centrifugal force fallacy, 191 

greatest, 1 78, 180 

moon weighed by, 179 

neap and spring, 177 

priming Kud lagging, 17B 

retard earth's rotation, 189, 19 

must retard moon, 190 

Tidal forces, 17 J 

of earth on moon, r 75 

of son not altered, iBo 
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e goes westward, 177 



Time and distance, I«w of, 317 

Greenwich mean, 77, 35 7 

equation of, 77 

sidereal and solar, 16 

of earth falling ta sun, 106 

pendulums, 39, 314 

rotation of nebuls, 550 

lihipa sailing east and weat, 4 j 

Torrid lone, heat of, 61 

two snmmen in, 61 

Trade winds, 64 . 
Transit cirole, 399 

of Mercury, 1B5 

Venus, 87, 163 to jBj 

Jupiter's moons, 118 

Trillion, 31, 335 

Tropical year, 67 

Tropic^6i 

Twilight, 189 

Tycho Brahe, 36, I04 

Tyndall, Di-., ji, 55, io3, IQ9 

UUBRA and penumbra, 148, I ; 6 
Undnlalory theory, 103 
Oranns, 334 ; his moons, ];i 
disturbed by Heptane, 33 7 



-angalar, 91,317, J3I 
-linear, 317; area), 333 

— in earth's orbit, 43 

— at eijaator, 43, i; I 

— of lead and feathers, 34 

— of light, 85, 106 

— EOund and electricity, 106 

— motions, 393 

— shadow, 150 

— moon and planets, Ke'Jthem 

— in different orbits, 30J, 318 
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TcfractiDO, ijq 

— ph»«l.«o 

tnuuts, 87, i6j to iBj 

Vi« lira, 196,114 
Tolanoa, Inur, iii 

Tolume or balk of iphfre, 19, 78, 8} 
Vxilcmn, snppoaed planet, 141 
Talgste Bible, i 

W4TEB and land an gltibt, [9 

freezes slowly, iii 

— — latent and epecilic heat, 
. motion in tidei, I77, " 
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weight of, 3,' 

Waves, 177 ; ware theory, ll 
Week, days of, 167, 315 
Weigbjag of earth, 16, Jlj 

Jupiter, Jjo 

moon, 179, J 39 

sun, j)5 

Weight lost at equator, 43 

of earth, 34 

planets, ite them 



Whewell's ' Mnnlity of Worlds,' 119 
Williami, Uathian, lia 
Windi, trade, 64 
Winter, cold Ibmwrlr, j i 

shorter thu lunimer, 54 

averag* bMt of here, jO 

moonlight in, 144 

Wollaston, Dr., 91 

World round, i 

Wray's object glasses, JS4 

Xfjixes, eclipse of, 151 

Year apparently shortens, 7; 

really constant, 75, 114 

anomalistic, 48 

— - equiiioctiil or tropical, 6; 

sidereal, 68 

ralatlDb to inn's mass, B>, 114 

and moon's diaturbancsB, 100 

Young, Dr^ his dJacaTsriei, loj, iBi 

Zenith, 145, i8fi 

distance, ajS ; sector, 40a 

Zero of heat, ; I 
Zodiac, 3SJ ; signa of, 6j 
Zodiacal light, 99 
Zones, the, 61 
area 0^19 
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PUBLICATIONS 

Sonetg for |prcmottng Ckrrsliait Jnotuleligf. 

Star Atlas. 

Gives all the stars from 1 to 6.6 magnitude between the North Pole and 
34" South DecUnation, and all NebnltB and Star ClnBtera, which are 
visible in teleaoopeB of moderate power. Translated and adapted from 
the German of Dr. Kledi, by the Rev. E. McCldee, M.A.. Imp. «o. 
With 13 Charts and 80 pages illnstrative letterpress. Cloth Hoards, 
Ts. 6d. 



History of India. 



From the Earliest Times to the Present Day. By Captain L. J. 
Tbottbb. With eight p^ Woodcnts and numeronB smaller Wood- 
Mition. Post 8vo. Cloth boards, 6s. 



Beauty in Common Things. 



The Fern Poptfolio. 



descriptive texts : all the species of British Ferns, which comprise a 
large proportion ol the Ferns of America, and many other parts of 
the World, Elegantly bound in cloth, 8b. 



LIST OS TUBUCATIOlA OF THB 

Scenes in the East. 

Bev. Cuion Tbibtbam, Author of ■' The Luid ^ I«r«et," <feo. 
bevelled boards, gilt edgaa, 6«. 



Sinai and Jepusalem ; or, Scenes from Bible 
Lands. 

CoaHisting of Coloured FhotogniMo Viewi of Flaoee mentioned in Uie 
Bihls, inoladiiig a Fuu^amie View of Jemsalem with descriptive letter- 
prees. Bt the Bar. F. W. HoLuno, U^. Demy 4to. Cloth, bevelled 
DOftcdB, gat edM*. Of. 



Bible Places; or, The Topography of the 
Holy Land. 

A snocinot •oooiint ot all the Places, Blvera, and Sloantains of the 
Land of lerael mentioned in the Bible, so tar aa they have been identified ; 
together with their modern namea and hiatorioal rraerenoes. By the Bev. 
Canos TauTBUt. With map. Crown 6vo. Cloth boards, 4a. 



The Land of Israel. 

A Journal of Travel in Palestine, ondertaken with special refarenoe to 
ita Physical Character, By the Bev. GuiON Tbibium. fourth edition, 
revised. With Hape Mid many lUostrationa. Large Post 8vo. Cloth 
boards, lOs. 6d. 



Narrative of a Modem PUgrimage through 
Palestine on Horseback, and vith Tents. 

By the Bev. Auxu) Chiblzs Sutr, H.A., Anther ot " The Attractiona 
of the Nile," i^o. Nnmerona Ulnstrations and fonr Colonred Plates. 
Crown Bvo. Cloth boards, 5s. 



The Natural History of the Bible. 

With 



A History of the Jevish Nation. 

From the Earliest Times to the Present Day. By the late E. B. 
PixuEB, M.A., Author of " The Desert of the Exodns," iK. With Hap 
ot Palestine and nnmerona lUnalrations. Crown 6to. Cloth boards, 4b. 
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